Infrared laser ablation for biological mass spectrometry by Huang, Fan
Louisiana State University
LSU Digital Commons
LSU Doctoral Dissertations Graduate School
2012
Infrared laser ablation for biological mass
spectrometry
Fan Huang
Louisiana State University and Agricultural and Mechanical College, fanchem@gmail.com
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_dissertations
Part of the Chemistry Commons
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Doctoral Dissertations by an authorized graduate school editor of LSU Digital Commons. For more information, please contactgradetd@lsu.edu.
Recommended Citation


















Submitted to the Graduate Faculty of the 
Louisiana State University 
Agricultural and Mechanical College 
in partial fulfillment of the  
requirements for the degree of 













B. S., Peking University, China, 2000 






This dissertation could not have been completed without the help and support of many 
people that I truly thank, from the bottom of my heart:  
To my dear wife Tingting Jia, I am so blessed to have met you, and I cannot imagine the 
world without you. To my mom Yufang Liu and my dad Zhenjia Huang, you have always 
believed in me and given me your endless love and support. You are the greatest parents in the 
world.    
To my advisor Professor Kermit Murray, I am very grateful for your invaluable guidance 
and encouragement throughout my Ph.D program studies. You are deeply appreciated. I am also 
thankful to my committee members, Professor Bin Chen, Professor Jayne Garno, Professor 
Megan Macnaughtan, and Professor Ernest Mendrela, for your time and helpful advice. Special 
thanks to Dr. Azeem Hasan for allowing me to work in the mass spectrometry facility and giving 
me help.  
To the Murray Research Group both past and present: Mark, Damien, Jae-Kuk, John, 
Jerrell, Jianan, Xing, Jeonghoon, Jaye, Lancia, Udaya, Nicole, Thabiso, Xin, Sung-gun, Jon, 
Salla, Pratap, Yonathan, and Chinthaka. You are like brothers and sisters to me here at LSU. I 
will always remember the time we spent together in the lab, and I sincerely wish you all a great 
future. Special gratitude goes to post-doctoral researcher Yohannes who taught me how to use 
the trap instrument, Xing who taught me how to use the infrared lasers, and Zhe from the 
Mathematics Department at LSU who helped me with MATLAB calculations.  
Finally, I want to thank all my family and friends, especially those of you in my hometown 




TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS ......................................................................................................... ii 
LIST OF TABLES .........................................................................................................................v 
LIST OF FIGURES ..................................................................................................................... vi 
LIST OF ABBREVIATIONS ................................................................................................... viii 
ABSTRACT .................................................................................................................................. xi 
CHAPTER 1. INTRODUCTION .................................................................................................1 
1.1. Mass Spectrometry ................................................................................................................4 
1.1.1. Electrospray Ionization .................................................................................................11 
1.1.2. Matrix-assisted Laser Desorption Electrospray Ionization ..........................................14 
1.2. Fundamentals of Laser Desorption and Ablation ................................................................15 
1.3. Research Objectives .............................................................................................................22 
CHAPTER 2. EXPERIMENTAL ..............................................................................................24 
2.1. Time-of-flight Mass Spectrometry ......................................................................................24 
2.2. IR/UV Two-laser MALDI TOF Mass Spectrometer ...........................................................26 
2.3. Three-dimensional Quadrupole Ion Trap ............................................................................29 
2.4. Continuous Flow IR MALDESI Mass Spectrometry ..........................................................31 
2.5. Reagents and Standards .......................................................................................................37 
CHAPTER 3. MATRIX-ASSISTED LASER DESORPTION IONIZATION OF 
INFRARED LASER ABLATED PARTICLES ........................................................................38  
3.1. Introduction ..........................................................................................................................38 
3.2. Experimental ........................................................................................................................40 
3.3. Results and Discussion ........................................................................................................42 
3.4. Summary ..............................................................................................................................49 
CHAPTER 4. CONTINUOUS FLOW INFRARED MATRIX-ASSISTED LASER 
DESORPTION ELECTROSPRAY IONIZATION MASS SPECTROMETRY ..................51 
4.1. Introduction ..........................................................................................................................52 
4.2. Experimental ........................................................................................................................55 
4.3. Results and Discussion ........................................................................................................57 
4.4. Summary ..............................................................................................................................68 
CHAPTER 5. FINITE ELEMENT SIMULATION OF INFRARED LASER ABLATION 
OF GLYCEROL ..........................................................................................................................69 
5.1. Introduction ..........................................................................................................................69 
5.2. Ablation Model ....................................................................................................................72 
5.3. Results and Discussion ........................................................................................................74 
5.4. Summary ..............................................................................................................................84 
iv 
 
CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS ............................................86 
REFERENCES .............................................................................................................................91 
APPENDIX A. MATLAB PROGRAM FOR CALCULATING ABLATED SAMPLE 
VOLUME....................................................................................................................................105 





LIST OF TABLES 
 




LIST OF FIGURES 
 
Figure 1-1 Schematic diagram of MALDI ......................................................................................7 
Figure 1-2 Schematic diagram of ESI ...........................................................................................12 
Figure 1-3 Schematic diagram of IR-MALDESI ..........................................................................15  
Figure 1-4 Phase diagram near the critical point indicating normal heating and superheating ....18 
Figure 2-1 Schematic layout of the IR/UV two-laser matrix-assist laser desorption ionization 
linear time-of flight mass spectrometer .........................................................................................26 
Figure 2-2 Block diagram of the OPO laser .................................................................................28  
Figure 2-3 Schematic diagram of the IR/UV two-laser arrangement ...........................................29 
Figure 2-4 Cross-section view of an ion trap mass analyzer ........................................................31 
Figure 2-5 Schematic of the Hitachi M8000 3DQ ion trap mass spectrometer ............................32 
Figure 2-6 Schematic (top) and photograph (bottom) of the CF IR MALDESI MS interface 
showing the nanospray source, capillary, liquid sample bead, and mass spectrometer orifice .....34 
Figure 2-7 Optical layout diagram of the OPO laser ....................................................................35 
Figure 2-8 Schematic (top) and photograph (bottom) of the on-line CF IR MALDESI reaction 
monitoring setup showing the nanospray, 6-port valve, nano mixer, and the MS orifice .............36 
Figure 3-1 Bradykinin mass spectra with different laser conditions: (a) 2.94 μm IR laser only, (b) 
351 nm UV laser only, and (c) IR and UV lasers at Δt = 50 μs .....................................................43 
Figure 3-2 Signal intensity of singly-charged molecular bradykinin ions as a function of delay 
time  ...............................................................................................................................................44 
Figure 3-3 Signal intensity of singly-charged molecular bradykinin ions as a function of IR laser 
fluence ............................................................................................................................................45 
Figure 3-4 Signal intensity of singly-charged molecular bradykinin ions as a function of UV 
laser fluence ...................................................................................................................................46 
Figure 3-5 IR/UV two-laser mass spectra of (a) cytochrome c at Δt = 70 μs and (b) insulin at Δt 
= 60 μs ............................................................................................................................................48 
Figure 4-1 Scheme of 1,10-phenanthroline reaction with Fe2+ .....................................................58 
Figure 4-2 On-line CF IR MALDESI mass spectra of the chelation of 1,10-phenanthroline (PA) 
with iron (II) in water. Positive-ion CF IR MALDESI mass spectra were recorded at three 
reaction stages: (a) 2 mM PA solution only before reaction, (b) PA solution after mixing with 20 
mM FeSO4 solution, and (c) after FeSO4 solution depleted ..........................................................59 
vii 
 
Figure 4-3 Ion signals for (a) [PA + H]+ and (b) [(PA)3 + Fe]2+ ions during the chelation reaction 
recorded as a function of reaction time ..........................................................................................60 
Figure 4-4 CF IR MALDESI mass spectra of (a) 500 µM insulin in 50 mM NH4HCO3 water 
buffer solution, (b) 500 µM insulin mixed with 100 mM 1,4-dithiothreitol (DTT) reducing agent, 
and (c) denatured insulin b chain after on-line mixing of 500 µM insulin with 100 mM DTT 
solution ...........................................................................................................................................63 
Figure 4-5 (a) CF IR MALDESI mass spectrum of 600 µM cytochrome c in 50 mM NH4HCO3 
water buffer solution with +10 through +18 charge states. (b) CF IR MALDESI mass spectrum 
of 600 µM cytochrome c 1:10 (v/v) mixed with 600 mM trypsin. Peaks labeled with asterisks are 
assigned to tryptic peptides ............................................................................................................64 
Figure 4-6 CF IR MALDESI mass spectra of on-line digested cytochrome c solutions with 
different cytochrome c concentrations: (a) 600 µM, (b) 500 µM, (c) 400 µM, and (d) 300 µM. 
Peaks labeled with asterisks are assigned to tryptic peptides ........................................................66 
Figure 4-7 Comparison of CF IR MALDESI mass spectra of a digested 500 µM cytochrome c 
solution at flow rates: of (a) 4 mL min-1 and (b) 2 mL min-1.........................................................67 
Figure 5-1 Glycerol temperature with a 2.94 µm flat-top profile laser at 6000 J/m2 fluence for 
times of (a) 2 ns, (b) 5 ns, (c) 5 µs, (d) 50 µs, and (e) 1 ms ...........................................................75 
Figure 5-2 Glycerol temperature a) at the surface (y = 0) and b) as a function of depth (x = 0) for 
different times ((■) 5 ns, (∆) 50 µs, (□) 20 ms, and (▲) 0.1s) with a 2.94 µm flat-top laser and 
6000 J/m2 fluence ...........................................................................................................................76 
Figure 5-3 Glycerol temperature after 5 ns for a) 2.94 µm and b) 3.4 µm wavelengths at 3000 
J/m2 fluence ....................................................................................................................................77  
Figure 5-4 Glycerol temperature versus sample depth after 5 ns for a) 2.94 and b) 3.40 µm laser 
with different fluences: (■) 1000 J/m2, (○) 3000 J/m2, and (▲) 5000 J/m2) .................................79 
Figure 5-5 Laser wavelength dependence of glycerol surface temperature for fluences: (■) 1000 
J/m2, (○) 2000 J/m2, (▲) 3000 J/m2, (□) 4000 J/m2, (●) 5000 J/m2, and (∆) 6000 J/m2 ...............80 
Figure 5-6 Glycerol temperature for a 2.94 µm wavelength Gaussian profile laser: a) 
temperature profile at 5 ns; b) temperature distribution along at the surface: (■) 5 ns, (∆) 50 µs, 
(□) 20 ms, and (▲) 0.1 s ................................................................................................................81 
Figure 5-7 Laser energy dependence of the a) depth and b) volume of glycerol subject to phase 




LIST OF ABBREVIATIONS 
 
3D three-dimensional  
APCI atmospheric pressure chemical ionization  
APPI atmospheric pressure photoionization  
CF continuous flow  
CHCA α-cyano-4-hydroxycinnamic acid 
CI chemical ionization  
CRM charge residue model  
Da dalton 
DART direct analysis in real time 
DESI desorption electrospray ionization 
DHB 2,5-dihydroxybenzoic acid (Gentisic acid) 
DSMC direct simulation Monte Carlo  
DTT 1,4-dithiothreitol  
EESI extractive electrospray ionization  
EI electron ionization  
ELDI electrospray-assisted laser desorption ionization 
ESI electrospray ionization 
FAB fast atom bombardment  
FEM finite element method 
FT-ICR Fourier-transform ion cyclotron resonance  
GD glow discharge  
GPIB general purpose interface bus  
HPA 3-hydroxypicolinic acid 
ix 
 
ICP inductively coupled plasma  
IEM ion evaporation model  
IR infrared 
IT ion trap  
KTP potassium titanyl phosphate  
LA laser ablation 
LADESI laser-assisted desorption electrospray ionization 
LAESI laser ablation electrospray ionization  
LDI laser desorption ionization  
LIBS laser induced breakdown spectrometry  
LMMS laser microprobe mass spectrometry  
m/z mass-to-charge ratio  
MALDESI matrix-assisted laser desorption electrospray ionization 
MALDI matrix-assisted laser desorption ionization 
MCP microchannel plate  
MD molecular dynamics  
MS mass spectrometry 
NBA nitrobenzyl alcohol  
Nd:YAG  neodymium-doped yttrium aluminium garnet 
NRO non-resonant oscillator  
OPA optical parametric amplifier  
OPO optical parametric oscillator  
PA 1,10-phenanthroline  
RF radio frequency  
SA 
trans-3,5-dimethoxy-4-hydroxycinnamic acid (Sinapinic 
x 
 
acid, Sinapic acid) 
TCEP tris(2-carboxyethyl)phosphine  
TFA trifluoroacetic acid  








Instrument and technique development and modeling of ionization methods using infrared 
(IR) laser desorption and ablation for mass spectrometry (MS) analysis of chemical and 
biochemical samples are described. Infrared lasers are highly efficient at sample removal and 
post-ablation ionization of materials removed by IR laser can be used to improve ionization 
efficiency. Fundamental studies of the physical processes in laser ablation mass spectrometry can 
help elucidate the mechanism.  In this research, an infrared/ultraviolet two-laser matrix-assisted 
laser desorption ionization (MALDI) MS was developed for analysis of biomolecules. An 
infrared laser was used to ablate a mixture of analyte and matrix, and the ablated material was 
post-ionized by an ultraviolet (UV) laser. Factors affecting ion yield, including IR and UV laser 
fluences and the delay time between the laser pulses, were studied using a peptide standard. 
Protein samples were tested and the observed signals suggested that ionization occurs through a 
UV MALDI mechanism. A continuous flow infrared matrix-assisted laser desorption 
electrospray ionization (CF IR MALDESI) mass spectrometry was developed for study of 
chemical and biochemical reactions. Samples in aqueous solution were flowed through a silica 
capillary to form a liquid bead at the capillary tip. An IR laser was used for sample ablation and 
the ejected sample was entrained in an electrospray to form ions. Ions were sent to an ion trap 
mass spectrometer for analysis. The chelation reaction of 1,10-phenanthroline with iron (II), the 
denaturation reaction of insulin with 1,4-dithiothreitol, and tryptic digestion of cytochrome c 
were on-line monitored. A two-dimensional finite element model was developed to simulate IR 
laser ablation of glycerol. The laser fluence was varied from 1 to 6 kJ/m2, and the wavelength 
was varied from 2.7 – 3.7 µm that covered the OH and CH stretch absorption region of glycerol. 
The results showed a strong temperature dependence on laser wavelength and fluence. The peak 
xii 
 
temperature of glycerol was obtained as the laser wavelength tuned to OH stretch absorption at 3 
µm, and was sufficient for phase explosion to occur. The simulation results showed a good 
agreement with previous particle sizing and plume imaging results. 
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CHAPTER 1. INTRODUCTION 
 
Laser desorption and ablation are phenomenon of material ejection from a condensed 
sample upon irradiation with intense laser pulses,1, 2 and have been widely used in mass 
spectrometry (MS) for sampling and ionization. Initially laser ablation mass spectrometry was 
applicable only to compounds with molecular mass limited to about 1000 daltons (Da) due to the 
direct laser absorption by the sample that causes fragmentation.3 This limitation remained until 
the appearance of soft (limited fragmentation) laser desorption ionization methods.4, 5 Today, the 
soft ionization technique of matrix-assisted laser desorption ionization (MALDI) is one of the 
two major ionization techniques that, along with electrospray ionization (ESI), are known as 
dominant, powerful, and sensitive mass spectrometry detection tools for analysis of high 
molecular weight compounds, such as biomolecules and polymers. In electrospray ionization, a 
high voltage is applied to a liquid which forms a spray of highly charged droplets and, after 
solvent evaporation, highly charged ions.  
Despite their ability for ionizing large molecules, MALDI and ESI each has its own 
drawbacks.6 For example ESI has poor tolerance for impurities and usually requires sample 
treatment prior to ionization, such as liquid separation. MALDI is difficult to couple directly to 
on-line liquid sample analysis, and requires sample preparation steps such as dissolving the 
sample in a suitable solvent and deposition with a matrix solution.   
In recent years, several ionization techniques have been developed that allow mass 
spectrometric analysis under ambient conditions with minimal sample preparation.6-9 These new 
approaches are called ambient ionization and offer unprecedented flexibility in direct sample 
analysis in the open environment and have made a significant impact on the word of analytical 
science. Desorption electrospray ionization (DESI) and direct analysis in real time (DART) are 
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two recently developed ambient ionization methods that have been considered as largely 
responsible for the rapid growth of this field.6 DESI produces ions by the bombardment of the 
sample surface with a steam of ESI-charged droplets. In DART, ionization occurs when the 
sample is exposed to a stream of metastable species containing excited state atoms and 
molecules.10 Both DESI and DART have been used in a number of diverse application areas, 
such as drug analysis, forensics, food safety, and homeland security.6, 8, 9 
Several ambient ionization techniques use laser ablation for sampling, such as matrix-
assisted laser desorption electrospray ionization (MALDESI),11, 12 electrospray-assisted laser 
desorption ionization (ELDI),13 and laser ablation electrospray ionization (LAESI).14 These 
methods combine laser ablation at atmospheric pressure with electrospray ionization, and 
because laser ablation and ESI are two independent steps, they can be optimized individually. 
These laser ablation based ambient ionization methods have been used for different 
applications,8, 9 especially for the large biomolecule analysis. For example, MALDESI has been 
used for detection of multiply-charged peptides and proteins,11 top-down proteomics analysis,15 
polypeptides,16 and biological fluids.12   
Currently, most laser ablation MS experiments utilize pulsed ultraviolet (UV) lasers.17 
Alternatively, infrared (IR) lasers have also been used.17, 18 IR lasers are more efficient at 
material removal than UV lasers. This is a disadvantage for MALDI under vacuum because 
accelerating ions through the expanding plume can cause fragmentation.19, 20 However, the 
efficient removal of material can be an advantage for MALDESI because the ionization is 
independent of the laser ablation step.12, 21 In addition, the deeper penetration of IR lasers enables 
them to remove deeply embedded analytes from materials such as thin layer chromatography 
plates, polyacrylamide gels, and tissue.22-24 A unique capability of IR laser ablation is the ability 
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to alter the characteristics of the ablation plume by changing the IR laser wavelength.25-27 Using 
an IR laser for ablation in MALDESI is particularly favorable for the analysis of biological 
samples, because water can be used as an intrinsic IR matrix. Therefore, it is natural to develop 
IR laser ablation based ionization techniques for the MS analysis of chemical and in particular, 
biochemical compounds.  
 In spite of many advantages to IR laser ablation mass spectrometry, this approach cannot 
be fully exploited without a thorough understanding of the processes involved in ion formation. 
It is known that an expanding ablation plume consists of atoms, neutral molecules, clusters, and 
particles that are formed either directly by laser-sample interaction or later through condensation 
in the expanding plume and aggregation of smaller particles.28, 29 Different species can play a 
role in different ionization techniques such as MALDI and MALDESI, however the physical and 
chemical mechanisms of laser ablation are not yet fully understood.17, 30 It is important to 
understand how laser parameters such as energy, wavelength, fluence, and pulse width influence 
material ejection in laser ablation and how the size and quantity of ejected species affect the ion 
formation. Gaining this information requires not only the MS analysis, but also other means such 
as experimental studies of particle formation25, 28, 31-33 and plume imaging,26, 34-37 as well as 
computational simulations29, 38 of laser ablation. 
The goal of the research described in this dissertation was to develop and understand 
ionization methods based on IR laser desorption and ablation coupled with post-ablation and 
ionization of the material in the desorption plume. In this chapter, an overview of mass 
spectrometry and various ionization methods is presented. Ionization techniques that involve 
laser ablation are presented in detail with their applications and mechanisms. Fundamental 
studies of the physical processes important in laser ablation mass spectrometry are also presented. 
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The study of these processes can help elucidate the mechanism, and thus extend the applications 
of laser mass spectrometry.   
 
1.1. Mass Spectrometry 
Mass spectrometry is an analytical techniques that is used to determine the molecular 
weight, quantity, and composition of atoms and molecules.3 Mass spectrometers measure the 
mass-to-charge ratio (m/z) of gas-phase ions. A mass spectrometer consists of three fundamental 
parts: the ion source, the mass analyzer, and the detector. Mass spectrometry analysis begins by 
converting the sample to ions in the ion source by inducing either the loss or gain of a charge to 
the sample analyte.39 The gas-phase ions are extracted and separated in the mass analyzer 
according to their m/z. The ions are separated using electric or a combination of electric and 
magnetic fields and detected in a variety of ways that produce an electrical signal corresponding 
to the quantity of ions of a given mass to charge ratio, m/z. Commonly used mass analyzers 
include time-of flight (TOF), ion trap, quadrupole, Fourier-transform ion cyclotron resonance 
(FT-ICR), and magnetic sector.3  
The mass spectrum is a plot of the ion signal as a function of m/z. Sampling and ionization 
can be accomplished under vacuum or at atmospheric pressure, whereas mass analysis and ion 
detection is conducted under high vacuum so that ions can traverse the instrument without 
collisions with background gas.  
 
Soft Ionization Methods for Biomolecule Analysis 
A wide variety of ionization sources that use different ionization mechanisms have been 
developed.3, 40, 41 The method of ionization is typically determined by sample type and the 
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information desired from the mass spectrum. Ionization methods that utilize high energy electron 
beams, for example electron ionization (EI),3 or high pressure discharges, for example glow 
discharge (GD), 42 or inductively coupled plasma (ICP), 43 are considered to be “hard” ionization 
methods because ionization is accompanied by extensive molecular fragmentation. Hard 
ionization methods are not suitable for ionizing atoms or molecules that are thermally labile or 
have a high molecular weight. Ion formation by these methods usually involves high energy 
collision process that causes extensive fragmentation. The fragmentation can prevent the 
detection of large molecules, limiting the usefulness of these methods to the analysis of atoms or 
small volatile molecules with molecular weight below a few hundred Da.39, 41  
Soft ionization refers to the formation of gas-phase ions without extensive fragmentation.44 
The first soft ionization method was chemical ionization (CI) that was developed in 1960s.45 The 
ionization source of CI is similar to the electron ionization source, but the ionization process is 
different. In CI, a regent gas, usually methane, isobutane or ammonia, is introduced and 
bombarded with an electron beam to produce reagent ions. The reagent ions ionize sample 
molecules through ion-molecule reactions to produce sample ions. A common mechanism of ion 
formation is the protonation of the sample molecule by transfer of a proton from a reagent ion. 
The amount of energy transferred to the sample ion under CI conditions is normally a few 
electron volts (eV), which is an order of magnitude lower than that of EI (~70 eV).3 
Consequently, CI produces less fragments than EI; however, CI analysis is also limited to small 
volatile molecules. 
Desorption ionization with a beam of fast atoms or ions is called fast atom bombardment 
(FAB).3 In FAB, the sample is dissolved in a nonvolatile liquid matrix solution such as m-
nitrobenzyl alcohol (NBA) or glycerol. The liquid mixture is then bombarded with a kV energy 
6 
 
beam of Xe atoms or Cs+ ions. The sample ions as well as neutral species are sputtered from 
liquid surface after the bombardment.41 Although masses as high as 30 kDa have been observed 
in FAB experiments (not routinely), the signal intensity above 2000 Da is usually weak and this 
is considered the upper mass limit of FAB.3  
Laser desorption ionization (LDI) is a technique that uses a pulsed laser beam to deposit 
energy into a sample inducing desorption of molecules into the gas phase to produce ions.41 The 
first application of laser ablation with mass spectrometry was demonstrated in 1970s.46 In LDI, 
ions, neutral molecules as well as particles are removed from the sample surface as a plume. 
Because the sample molecules directly absorb energy from the laser, which can lead to the 
fragmentation, LDI is applicable to a limited number of compounds with molecular weight 
usually < 1000 Da.  
 
Matrix-assisted Laser Desorption Ionization 
The MALDI concept was first introduced in 1985 by Karas and Hillenkamp who used a 
266 nm UV laser to analyze organic molecules.47 The main difference between MALDI and LDI 
is that in MALDI sample is mixed with a light absorbing matrix. In MALDI process the analyte 
is typically co-crystallized with a solid matrix compound, often a small organic acid with strong 
absorption in the near UV. A schematic of MALDI is shown in Figure 1-1. The matrix isolates 
analyte molecules, absorbs energy from the laser, and provides protons for analyte ionization. 
MALDI usually produces singly protonated molecules. Localized ejection of the matrix and 
expansion of the matrix into the gas phase are induced by the energy transfer. Little internal 
energy is transferred to the analyte molecules, which therefore protects analyte from being 
damaged by direct absorption of photons.48 MALDI is used for mass spectrometric analysis of 
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large, non-volatile and thermally labile compounds such as proteins,4, 5 synthetic polymers,49 
oligonucleotides,50 polysaccharides51 and lipids.52 MALDI has significantly increased the upper 
mass limit for the MS analysis of biomolecules to greater than 500,000 Da.53, 54  
 
 
Figure 1-1 Schematic diagram of MALDI.  
 
Desirable characteristics of a MALDI matrix include a strong light absorption at the 
wavelength of the laser, the ability to form crystals with the analyte, low sublimation temperature, 
and the ability to participate in photochemical reactions so that analytes can be ionized with high 




Table 1-1 Commonly used UV MALDI matrices 







337 nm, 355 nm Peptides, fragmentations   
 
2,5-dihydroxybenzoic 























337 nm, 355 nm Best for nucleic acids 
 
To prepare a MALDI sample, matrix and analyte solutions are deposited on a probe at a 
matrix to analyte molar ratio between 100:1 to 50,000:1. Upon solvent evaporation, the mixture 
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dries and co-crystallizes on the target surface. Once the target in inserted into the ion source of a 
mass spectrometer, the crystals on the target are irradiated with the pulsed laser.55 
A typical MALDI mass spectrometer uses a pulsed UV laser. Two of commonly used 
lasers are the nitrogen laser (337 nm) and frequency tripled Nd:YAG (355 nm). MALDI has also 
been performed using lasers operating in the infrared (IR) wavelength range.56-58 The penetration 
depth of an IR laser under MALDI conditions is several orders of magnitude larger than for UV 
lasers.55 Although IR and UV lasers produce comparable MALDI mass spectra, the propensity 
for IR lasers to remove large quantities of material makes this approach more difficult to use for 
routine analysis.19, 20 However, the deeper penetration enables an IR laser to remove deeply 
embedded analytes from materials such as thin layer chromatography plates, polyacrylamide gels, 
and tissue.22-24 In addition, the ability to use intrinsic solvents as the matrix and the relatively soft 
ionization of large biomolecules make IR lasers attractive in certain cases.  
MALDI experiments are usually carried out under vacuum, which makes MALDI difficult 
for the analysis of liquid samples and on-line coupling to liquid separations. However, there have 
been a few approaches that combine MALDI with liquid sample introduction,59-63 such as aerosol 
MALDI and continuous flow (CF) MALDI. In the aerosol method for MALDI liquid 
introduction, the matrix and analyte are dissolved in a solution that is sprayed directly into the 
mass spectrometer.60-62 The solvent evaporates when the aerosol passes through a heated drying 
tube, and ions are formed by pulsed UV laser irradiation. CF MALDI was first introduced in 
1993 by Li et al.64 In CF MALDI the analyte and matrix are delivered into the ion source using a 
continuous flow probe that consists of a capillary that is either terminated with a frit or left open 
and mounted in a stainless steel tube. Being delivered through the capillary, analytes are ablated 
with a UV laser and then subsequently mass analyzed. Ions of large molecules such as 
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myoglobin were detected using CF MALDI, although the signal intensity was about an order of 
magnitude lower than static MALDI, due to the higher system pressure and the relatively higher 
concentration of volatile solvent when sample was continuously introduced. Later on CF was 
used with IR MALDI  using a syringe pump to deliver analyte and matrix solution, such as 
insulin and myoglobin solution mixed with glycerol, to a stainless steel frit in vacuum.65 
The mechanism of MALDI is still under investigation.30, 48, 66, 67 Two major models have 
been proposed to explain experimental results: photochemical ionization and cluster ionization. 
The photochemical ionization model assumes the generation of neutral analyte molecules in the 
matrix crystals and a photoionization of the matrix molecules as the first step, followed by 
charge transfer to the analyte in the plume.68, 69 The photochemical ionization processes are 
expressed as:69 (A: matrix; M: analyte) 
AH + nhν → AH+;     AH++ M → [M + H]+ + A  (Eq. 1-1) 
The more recent cluster ionization model proposes that analytes such as proteins retain 
their solution charge state upon incorporation into the matrix.48 The analyte molecules are 
entrained in a dense plume of the desorbed matrix clusters. A break-up of the crystal lattice into 
small clusters upon desorption with some of them having only a single analyte ion is assumed. In 
the expanding plume the clusters are assumed to lose neutral matrix and solvent molecules as 
well as counter ions as free acids or bases after their proton-transfer neutralization with analyte 
protonation sites.70 This assumption is supported by experimental results where pH indicator 
molecules retain their color and charge state upon crystal incorporation for acidic, neutral, or 
basic matrices.71 The possible reactions of cluster ionization model are expressed as (M: analyte, 
AH: matrix, An: anion, Ba: base; shown in the bracket is a cluster):48 
{(M + nH)n+ +  (n-1)An- + xAH }1+ → [M + H]+ + (n-1)HAn +xAH (Eq. 1-2) 
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{(M - nH)n- +  (n-1)BaH+ + xAH }1- → [M - H]- + (n-1)Ba +xAH (Eq. 1-3) 
Ion yields in the 10-6 to 10-4 range have been reported in MALDI.72-75 Many Factors can 
affect MALDI ion yields, such as laser fluence, pulse width, and the choice of matrix.48 Recently 
a model was developed to investigate laser pulse width and fluence effects on MALDI ionization 
process.67 The results showed that picosecond pulses lead to much higher initial ion 
concentrations than nanosecond pulses, but the differences rapidly disappear as a result of the 
phase change. The ion velocity is fluence dependent in the early stage of simulation, but the later 
time difference is not significant. Another factor that affects ion yield in MALDI is the  positive 
and negative charge recombination, which was modeled recently.66 The result suggests that 
electron tunneling (a physical process that occurs when potential donors and acceptors are in 
near contact) is a likely mechanism in MALDI that leads to charge recombination and ion loss. 
Proper experimental parameters such as laser fluence and matrix selecting need to be chosen to 
make sure ion formation exceeds ion loss in MALDI.  
 
1.1.1. Electrospray Ionization 
 




Electrospray ionization is a method used to ionize molecules, especially macromolecules 
from a liquid solution.76 In late 1980s, Fenn and co-workers used ESI for the analysis of 
biological macromolecules,77 and he was co-awarded the Nobel Prize in Chemistry in 2002 for 
this development.  
 
A schematic of ESI is shown in Figure 1-2. The sample solution is carried through an ESI 
needle that has a potential of a few kilovolts applied on it. The droplets coming out of the needle 
are charged and, as the solvent evaporates, the droplets shrink in size until the repelling 
Coulombic force is large enough to exceed the surface tension and the droplets disintegrate to 
produce smaller and more highly charged droplets.78 This process repeats itself many times until 
highly charged solute molecules remain. This ion creation mechanism is known as charge 
residue model (CRM).78 Alternatively, ion formation can proceed by the ion evaporation model 
(IEM), in which the droplet reaches a certain size and the field at the surface of the droplet 
becomes sufficiently large enough to eject highly charged ions.79   
One important feature of ESI is that it produces multiply-charged ions, which makes it 
compatible with mass spectrometers with a relatively low m/z range. In addition, because ESI 
uses liquid sample introduction and ionization is at atmospheric pressure, it is well suited for 
coupling to liquid separation.80  
 
Ambient Ionization 
Ambient ionization is the direct analysis of materials in their native environment with ions 
created outside the mass spectrometer.6, 8, 9, 81, 82 Ambient techniques allow the ionization of 
untreated samples in the open environment. As a result, analysis is rapid with the time scale 
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governed by the time needed to bring the sample to the mass spectrometer.82 Moreover, ambient 
ionization can be a soft ionization method, with internal energy deposited lower than for ESI, 
therefore very little fragmentation can occur in some ambient ionization methods.8, 82  
The first two ambient ionization techniques for biological molecule analysis were 
desorption electrospray ionization (DESI) and direct analysis in real time (DART).9 DART is a 
glow discharge-based ambient ionization methods that was first introduced by Cody and co-
workers in 2004.10 DESI ionization is carried out by directing pneumatically assisted 
electrosprayed droplets onto a sample surface. The charged solvent droplets pick up analytes 
while in contact with the surface, and after secondary droplets are removed from the surface by 
the shear of the pneumatic assist gas, analyte ions are formed and delivered to a mass 
spectrometer. The multiply-charged ESI-like ions in DESI suggest that DESI ionization 
mechanism is an ESI-like ionization process in its final stages.83 DESI has been applied to 
diverse samples and mixtures, and can be performed directly with analytes on glass, paper, metal, 
plastic, and silica plates.83 
DART has applications in different fields such as forensics, pharmaceutics, biological 
chemistry, and food chemistry.9 In DART, a glow discharge with a potential usually between 1 
and 5 kV is created to form a plasma in nitrogen or helium gas to produce ionized gas, electrons, 
and metastable species. The plasma passes through electrostatic lenses, which removes charged 
particles. The remaining metastable species are aimed directly at the sample, which can be a 
solid, liquid or gas, to desorb and ionize the analyte.10, 84 When helium is used, the excited 
helium atoms react with water molecules in the air, forming protonated water cluster ions.9 The 




1.1.2. Matrix-assisted Laser Desorption Electrospray Ionization 
 
Figure 1-3 Schematic of IR-MALDESI.  
 
By combining the sample removal ability of lasers with the ionization ability of highly-
charged ESI droplets, several new ambient ionization methods have been developed. The method 
called electrospray-assisted laser desorption ionization (ELDI) was developed in 2004 by Shiea 
and co-workers.13  In ELDI, no matrix is used and a UV laser is used to ablate to form a sample 
plume that subsequently interacts with a solvent electrospray to produce ionization. Two years 
later, Muddiman and co-workers used matrix to aid the sample removal by laser ablation, and 
they termed this method matrix-assisted laser desorption electrospray ionization (MALDESI).11  
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In MALDESI or ELDI, a UV laser is used. When using an IR laser, this approach has been 
called IR LADESI,12 laser ablation ESI (LASEI),14 or IR MALDESI, but the processes are the 
same. In this work, we use the term IR MALDESI. A schematic of IR MALDESI is shown in 
Figure 1-3. Water can be used as a matrix, and several biological and pharmaceutical samples 
were directly analyzed without any sample treatment.12 It has been suggested that the ionization 
mechanism is similar to electrospray with the analyte material incorporated as neutral molecules 
or through a droplet merging mechanism in which the material ablated from the target in the 
form of particles interacts with the ESI droplets.12, 14  
 
1.2. Fundamentals of Laser Desorption and Ablation 
Since the introduction of the first ruby laser in early 1960s, numerous applications of laser 
desorption and ablation have been established in diverse areas, such as pulsed laser deposition,85 
nanoparticle manufacturing,86 micromachining,87, 88 surgery,89 and chemical analysis.90-101 Laser 
desorption refers to laser-induced thermal evaporation of individual molecules from the 
outermost layers of the sample.46, 55 When laser energy is rapidly transferred to the sample, 
ablation occurs, leading to massive material ejection, mainly in the form of clusters and 
particles.1, 2, 89 As compared with conventional dissolution techniques, the unique advantage of 
laser ablation for analytical sampling is that nearly any sample can be ablated with minimal 
sample preparation and often under ambient conditions. In addition, analysis using laser ablation 
requires a smaller amount of sample than that required for solution nebulization, and a focused 
laser beam permits resolution and sample spatial characterization.   
In spite of many applications, the exact mechanisms of laser ablation are still under 
investigation. To facilitate further optimization of experimental parameters in current 
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applications as well as developments of new techniques based on laser ablation, fundamental 
studies aimed at understanding the physical processes involved in material desorption, ablation, 
and ion formation are needed. 
 
Energy Deposition and Material Ejection 
The first step of laser ablation is laser energy deposition from the laser in the material, 
which is strongly affected by the optical properties of material at the wavelength of the laser 
radiation. Under conditions such as MALDI and MALDESI, the optical absorption of the 
material is governed by Beer’s Law:47 
𝐻 = 𝐻0𝑒−𝛼𝑧                                                     (Eq. 1-4) 
where H0 is the laser fluence at the sample surface, H is the laser fluence at depth z in the sample, 
and α is the attenuation coefficient (the product of the molar absorption αn and the concentration 
of the absorbing molecules cn in the sample). The molar absorption αn is a wavelength dependent 
property.47  
In addition to the laser energy and the optical properties of the material, the rate of energy 
deposition also strongly affects laser desorption and ablation. In many laser ablation applications 
such as MALDI, the laser pulse duration is typically shorter than the time of dissipation of the 
absorbed laser energy by the thermal conduction. This condition is commonly referred as thermal 
confinement.2, 89, 102 The condition for thermal confinement can be expressed as:2 
tp < tth =1/(α2 DT)                                                    (Eq. 1-5) 
where tp is the laser pulse, tth is energy dissipation time in regime of thermal confinement, α is 
the absorption coefficient of the ablated material, and DT is the thermal diffusivity.  
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In the regime of thermal confinement, material can be overheated far beyond the boiling 
temperature.102 For most UV matrices, tth is about 1 µs, which is much longer than the ns laser 
pulse width.2 For IR lasers and IR matrices such as glycerol, tth is even longer due to the deeper 
penetration (smaller α). 
   If the rate of energy flow into the sample is shorter or comparable to the time that is 
needed for a mechanical relaxation of the absorbing volume, the laser heating takes place at 
nearly constant volume conditions, causing a high thermoelastic pressure buildup. This condition 
is stress confinement.2, 89, 102 The condition for the stress confinement can be expressed as:2  
tp < ts =1/(α Cs)                                                       (Eq. 1-6) 
where ts is energy dissipation time (acoustic time constant) in the regime of stress confinement, 
Cs is the speed of sound in the irradiated material. ts is usually a few hundred of ps under 
conditions of UV MALDI, and a few ns under conditions of IR MALDI and IR MALDESI.2, 89 
For laser ablation of metals in ICP MS, ts is usually in femtosecond range.29   
During and after the energy deposition by laser irradiation, materials can be ejected in 
different forms, such as atoms, molecules, clusters, and particles. The quantity and size 
distribution of material that is removed has a strong dependence on the laser irradiation 
conditions, such as laser fluence, pulse width, laser wavelength, and background pressure.2, 17, 29, 
38, 89 In general, material ejection occurs through two physical processes: desorption and ablation. 
Laser desorption occurs in the low laser fluence regime, and the desorbed materials are 
usually small species such as atoms and molecules.38, 55, 89 The dependence of the yield of ejected 
molecules N on fluence F can be well described by an Arrhenius-type expression:74, 103  
𝑁 = 𝐴 𝑒𝑥𝑝 � 𝐸𝑆
∗
𝑘𝐵(𝑇0+𝐵𝐹)
�   𝑓𝑜𝑟 𝐹 < 𝐹𝑡ℎ                        (Eq. 1-7) 
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where N is the number of desorbed molecules, 𝐸𝑆∗ is the activation energy, A is a pre-exponential 
factor, B is a factor that describes the conversion energy into a surface temperature, T0 is the 
initial temperature of the system, 𝑘𝐵  is Boltzmann’s constant, and Fth is a threshold fluence, 
which defines the upper limit of validity of the desorption model.  
When the rate of volumetric energy deposition is more rapid than the rate of energy 
consumed by melting, vaporization and normal boiling of the irradiated material, the material is 
overheated and ablation occurs.89 Compared to desorption, ablation is a more violent process. 
More material is removed by ablation and the ejected species are usually clusters and particles.29, 
55, 89  
 




Phase explosion is a major process of laser ablation. The mechanism of phase explosion 
can be explained using a phase diagram such as that shown in Figure 1-4. In a normal heating 
process, when the temperature of the material reaches the boiling temperature, the liquid and the 
vapor phases are in equilibrium (equilibrium vaporization line in Figure 1-4).104 For a solid 
material, the top layer melts after its temperature reaches the melting point, forming a liquid 
layer. However, because of the fast energy deposition from the laser pulse, it is possible to 
superheat this layer above the boiling point at heating rates in excess of 106 K/s.46 If the 
temperature exceeds 90% of the critical temperature Tc, the phase of the superheated material 
breaks through the spinode line, which is the upper boundary of metastable equilibrium.104 The 
superheated liquid material becomes unstable and catastrophically relaxes to a liquid-vapor 
mixture.103 Under this conditions, phase explosion occurs that transits the superheated liquid to a 
mixture of gas phase molecules, clusters and liquid droplets.38, 89 
Phase explosion can occur in both thermal confinement and stress confinement regimes. In 
the thermal confinement regime, the threshold fluence for laser ablation is defined as the energy 
required to heat the sample surface to the limit of metastable equilibrium, leading to the ejection 
of a mixture of vapor, clusters, and particles.38, 89, 105 Compared with thermal confinement, the 
particles ejected in the stress confinement regime are larger in size and can be orders of 
magnitude more numerous.38 Particle emission through phase explosion under MALDI and 
MALDESI conditions has been experimentally observed and studied. 25, 28, 29, 31-33, 55, 93, 106  
Besides phase ablation, other physical processes involved in laser ablation are 
hydrodynamic sputtering and photomechanical spallation. Hydrodynamic sputtering refers to the 
process in which droplets of material are formed and expelled from a target as a consequence of 
transient melting. This process is distinct from phase explosion and is mainly caused by 
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hydrodynamic instabilities.107 Photomechanical spallation refers to the removal of the sample 
surface layer caused by reflection of the laser-induced pressure wave from the back surface of 
the sample.38, 89 Hydrodynamic sputtering and photomechanical spallation are usually less 
effective than phase explosion,89 and thus are considered as minor processes in laser ablation. 
Recoiled-induced material ejection is another important material removal process in laser 
ablation, which is a secondary material expulsion induced by the formation of recoil stresses due 
to the rapidly expanding vapor plume and the ejected droplets during phase explosion.89, 108 
Recoil-induced material ejection is most pronounced during ablation of liquids and of materials 
for which a molten layer is formed.89 Distinct from phase explosion that occurs across the entire 
ablation area, recoil-induced material ejection is found to occur preferentially at the ablation 
crater rim and include the ejection of droplets much larger than those from the initial phase 
explosion. As a result, it leads to a transient indentation of the surface.26, 34, 109 
  
Computational Simulations of Laser Ablation 
A number of models and simulation methods have been developed to study laser ablation 
under conditions suitable for chemical analysis. Atomistic simulations have been used to study 
the channels and rates of vibrational relaxation of excited molecules and the redistribution of the 
deposited energy between the translation and internal degrees of freedom.110, 111 For example, 
femtosecond laser-induced transient melting and atomic mixing in a gold film deposited on a 
bulk copper substrate have been investigated at the atomic level.112 Because of the long 
computational time required, atomic-level simulations are limited to small systems and short 
simulation times.38  
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A simplified model has been developed that treats each matrix molecule as a breathing 
sphere with a single vibrational degree of freedom represented by the molecular radius which 
allows modeling of large ensembles over experimental relevant times.38, 113 This approach uses 
molecular dynamics (MD) and provides information on the time evolution of a system of 
interacting atoms through the numerical integration of the equations of motion for all atoms in 
the system. Numerous molecular dynamics simulations have been reported for the investigation 
of laser desorption and ablation,17, 30, 67, 114-116 such as laser-material interaction,102 early stage 
material ejection,38, 117, 118 ion formation,17, 30, 114 ion yield dependence,67, 119 and ion 
recombination.66 The challenges in application of the MD method for simulation of laser ablation 
are the limitations of time and length scales. Most systems studied in MD simulations do not 
exceed hundreds of nanometers in size and tens of nanoseconds in time.116  These limitations 
make MD simulation problematic for the study of IR laser ablation, in which many particles up 
to micron size are formed,25, 26 and the laser pulse can be hundreds of nanoseconds long.12 
In addition to MD simulations for analytical sampling, a few models concentrate on the 
laser-generated plasma.120, 121 Because this plasma can absorb a fraction of the incoming laser 
intensity before it reaches the target, this effect is called plasma-shielding.121 Several models 
focus not only on the laser-sample interaction, but also describe the expansion of the plumes, for 
example in hydrodynamic models (an approach that considers the solutions of the hydrodynamic 
equations for an unsteady adiabatic expansion with the correct boundary conditions)122-124 and 
direct simulation Monte Carlo (DSMC) models.123-126 In DSMC, plume expansion is divided into 
a number of cells with the cell size determined by the local mean free path. The flow field is 
reproduced using a large number of simulated particles that are characterized by coordinates, 
velocities, internal energies, species types and weight factors. The evolution of the system is split 
22 
 
into collisionless streaming and collisions. At each time step, all particles are moved as if they do 
not interact, and after that a given number of particles are selected for collisions. Collisions pairs 
are selected at random from the same cell regardless of the positions of the particles. New 
velocities are calculated as a result of each collision event.  
The finite element method (FEM) is a procedure for obtaining numerical solutions to 
partial differential equations by dividing the system into small finite elements to which 
simplifying approximation can be made. FEM doesn’t have the short time and length limitations 
in MD, therefore can be used to study laser ablation in a much larger scale. In the past few years, 
a number of FEM models have been developed to study laser ablation for different applications. 
For instance, a study of explosive boiling, temperature distribution and ablation depth of pulsed 
Nd:YAG laser ablation of titanium carbide (TiC) has been reported recently.127, 128 Another 
example is a model developed to study the shape and stress distributions in laser machining of 
ceramic substrates.129 Most recently, a bio-heat model was developed to study the temperature 
and damage distribution involved in laser ablation of prostate tumors and the results established a 
clear correlation between simulation and in vivo experiments.130  
 
1.3.Research Objectives 
The overall objective of this research was to develop infrared laser ablation based 
ionization techniques for chemical and biological analysis. Infrared lasers are highly efficient at 
sample removal and post-ionization can be used to improve ionization efficiency. To achieve this 
goal, the specific components of the project were 1) to develop an IR/UV two-laser MALDI MS 
for the study of IR laser ablated particles; 2) to develop an on-line continuous flow interface 
based on IR matrix-assisted laser desorption electrospray ionization (IR MALDESI) for reaction 
23 
 
monitoring; 3) to model IR laser ablation involved in ambient ionization conditions using finite 
element method (FEM). Experimental setups used in this research are described in Chapter 2. 
The IR/UV two-laser MALDI study is described in Chapter 3. The on-line continuous flow IR 
MALDESI study is described in Chapter 4. The FEM simulation study is described in Chapter 5. 
A summary and conclusions for the entire research as well as future study of IR laser ablation 




CHAPTER 2. EXPERIMENTAL 
 
The goal of the research described in this dissertation was to study and develop new 
ionization techniques that use infrared laser ablation for sampling, and apply these techniques to 
chemical and biochemical analysis. Two experimental setups were developed and used: an 
IR/UV two-laser matrix-assisted laser desorption ionization mass spectrometer and a continuous 
flow IR matrix-assisted laser desorption electrospray ionization mass spectrometer. The IR/UV 
two-laser MALDI system was based on a home-built linear time-of-flight (TOF) mass 
spectrometer and used to study IR laser ablated particles. Factors that affect the two-laser ion 
yield were studied, including the fluence of the IR and UV lasers and the delay time between the 
laser pulses. The CF IR MALDESI ion source was coupled with a commercial quadrupole ion 
trap mass spectrometer. Chemical and biochemical reactions were monitored using this setup. In 
this chapter, a description of the fundamentals of TOF and quadrupole ion trap mass 
spectrometers along with detailed information on the IR/UV two-laser MALDI and CF IR 
MALDESI setups are presented.    
 
2.1. Time-of-flight Mass Spectrometry 
Time-of-flight mass spectrometry (TOF MS) is a method in which mass to charge ratio 
(m/z) of ion is determined via a time measurement.131 The TOF mass analyzer separates ions in a 
field free flight tube after ions are accelerated to a constant energy, and theoretically, the TOF 
analyzer has an unlimited mass range. The primary advantage of TOF over other mass analyzers 
is the acquisition speed.132 Unlike scanning mass analyzers, such as ion traps or sectors, an entire 
mass spectrum of TOF can be obtained at once within hundreds of microseconds and is only 
limited by the repetition rate of the laser in the case of MALDI and the speed at which the data 
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can be recorded. The flight tube of a TOF MS is a vacuum chamber with a pressure usually 
below 10-6 torr to prevent collisions with background gas molecules. The length of the flight tube 
is based on the desired ion separation resolution over a given mass range. Ions are generated in 
the ion source. Before they are transferred to the flight tube for separation, all ions are 
accelerated with the same kinetic energy that is defined by the acceleration voltage. Lighter ions 
travel faster and arrive at the detector first due to their higher velocity. The energy of the 




𝑚𝑣2                          (Eq. 2-1) 
where EKE is the kinetic energy, m is ion mass, and v is the velocity of the ion. Considering the 
quation: 
EKE = zeV                                   (Eq. 2-2) 
where z is the charge number of the ion, e is the charge of an electron, and V is the acceleration 







                            (Eq. 2-3) 
Neglecting the time spent in ion source, Equation 2-3 can be rearranged to solve for the flight (t): 




2 𝐿                         (Eq. 2-4) 
where L is the length of the flight tube.  
The overall time for an ion to travel in the source and the flight tube can be calibrated for 
mass using Equation 2-5: 
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 𝑡 = 𝑎√m2 + b                   (Eq. 2-5) 
where a and b are constants and found from fitting the m/z values of two known peaks. Mass 
resolution (R) is usually reported using the full-width at half-maximum (fwhm) method and can 





                      (Eq. 2-6) 
 
2.2. IR/UV Two-laser MALDI TOF Mass Spectrometer 
 
Figure 2-1 Schematic layout of the IR/UV two-laser matrix-assist laser desorption ionization 
linear time-of flight mass spectrometer. 
 
The experiment involving matrix-assisted laser desorption ionization of IR laser ablated 
material discussed in Chapter 3 was performed on a home-built linear TOF mass spectrometer 
combined with a tunable pulsed IR optical parametric oscillator (OPO) laser system used for 
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sample ablation, and a 351 nm UV excimer laser used for post-ionization. A schematic diagram 
of the IR/UV two-laser MALDI setup is shown in Figure 2-1.  
The mass spectrometer was maintained under vacuum with the pressure of the ion source 
and the flight tube at 1 × 10-6 and 1 × 10-7 torr, respectively. The vacuum was generated by two 
1200 L/s diffusion pumps (VHS-4, Varian, Palo Alto, CA). The ion source consisted of a sample 
target holder followed by a grid at a distance of 18 mm. A CCD camera with macro zoom lens 
was placed at a 45° port to view placement and irradiation of the sample target. Positive ions 
were accelerated into a 1 m TOF tube where they were mass separated. At the other end of the 
TOF tube, a dual microchannel plate (MCP) assembly (Galileo, Sturbridge, MA) was used for 
ion detection. Ions were accelerated into a dual 25 mm diameter MCP detector, the front of 
which was held at -2.2 kV. A grounded grid was located approximately one centimeter in front 
of the MCP. The back of the second 25 mm diameter MCP is held at -220 V and the collection 
anode is held at ground. The detector output was coupled to the 50 Ω input of a 500 MHz digital 
oscilloscope (9350CM LeCroy, Chestnut Ridge, NY) for data acquisition. The digitized data 
were downloaded to a computer via a general purpose interface bus (GPIB), using Labview 
software (National Instruments, Austin, TX), for storage and further manipulation. 
A wavelength tunable optical parametric oscillator (OPO, Mirage 3000B, Continuum, 
Santa Clara, CA, USA) IR laser was used for sample ablation. A block diagram of the OPO laser 
is shown in Figure 2-2.  
The OPO laser was pumped by a 1064 nm fundamental and 532 nm second harmonic of an 
Nd:YAG laser (Powerlite 8000, Continuum, Santa, Clara, CA, USA). After entering the Mirage 
3000B, the 1064 and 532 nm beams is split into two beams that are routed through attenuators 
and beam telescopes. The energy of the 1064 and 532 nm beams is 270 and 80 mJ after 
28 
 
attenuation, respectively. The 532 nm beam is used to pump a potassium titanyl phosphate (KTP) 
non-resonant oscillator (NRO). In this process, the KTP crystals convert the 532 nm radiation 
into tunable IR radiation ranging from 1.45 to 2.16 µm. The 1.45 to 2.16 µm NRO output signal 
enters a KTP optical parametric amplifier (OPA) cavity that is pumped by the 1064 nm beam. 
The OPA amplifies the 1.45 to 2.16 µm OPA signal and produces 2.16 to 4.00 µm. This NRO 
and OPA arrangement allows the Mirage 3000B to produce tunable IR radiation from 1.45 to 
4.00 µm.    
 
Figure 2-2 Block diagram of the OPO laser.   
 
The UV laser used was a 351 nm XeF excimer laser (Optex, Lambda Physik, Gottingen, 
Germany). The laser has a maximum energy of 8 mJ, a maximum repetition rate of 200 Hz, and 
a pulse width of 8 ns.  
In this study, the OPO laser was run at a 2 Hz repetition rate with 5 ns pulse width. The IR 
beam was attenuated using a combination of optical flats and focused using a 250 mm spherical 
lens onto the sample surface at an angle of 45°, as shown in Figure 2-3. The spot size was 200 × 
280 μm, measured using laser burn paper. The 351 nm UV excimer laser was synced with the IR 
laser using a delay generator (DG535; Stanford Research Systems, Sunnyvale, CA, USA). The 
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UV laser was attenuated using a variable number of glass microscope slides. The UV beam was 
directed above and parallel to the sample surface with a distance of 1.4 mm between the center of 
the UV beam and the sample surface. Focusing of the UV beam was achieved using a 254 mm 
focal length fused-silica lens and the spot size was 500 × 1000 μm with the long axis parallel to 
the target surface. The laser energy for both lasers was measured using a pyroelectric joule meter 
(Model ED-104AX, Gentec, Palo Alto, CA).  
 
Figure 2-3 Schematic of the IR/UV two-laser arrangement.   
 
2.3. Three-dimensional Quadrupole Ion Trap 
A three-dimensional quadrupole ion trap (3DQ IT) is a mass analyzer and detector that 
consists of two hyperbolic metal electrodes with their foci facing each other and a hyperbolic 
ring electrode between these two electrodes.133 A diagram of the 3D ion trap is shown in Figure 
2-4. In a 3D ion trap mass analyzer, the ions are trapped in the space between three electrodes by 
AC and DC electric fields. An AC radio frequency (RF) voltage oscillates between two end cap 
electrodes if ion excitation is desired, and the driving AC voltage is applied to the ring electrode.  
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 + [𝑎𝑢 −  2𝑞𝑢 cos 2𝜉]𝑢 = 0   (Eq.2-7) 
where u represents the x, y and z coordinates, ξ is a dimensionless parameter given by ξ = βt/2, 
and au and qu are dimensionless trapping parameters. The parameter β is the radial frequency of 
the potential applied to the ring electrode.  




(𝑟2 − 2z2)            (Eq. 2-8) 
where r and z are the radial and axial dimensions, and Φ0 the applied electric potential. The 
applied potential Φ0 is a combination of radio frequency and DC, and is given by: 
ϕ0 = 𝑈 + 𝑉 cosΩ𝑡                          (Eq. 2-9) 
where Ω = 2𝜋υ and υ is the applied frequency, U and V are DC and AC voltages, respectively.  
Ejection of ions from the ion trap is accomplished by changing the amplitude of the RF 
potential applied to the ring electrode. Each m/z is ejected from the trap at a specific RF 
amplitude. The motion of ions in the trap is expressed in terms of trapping parameters: az and qz, 









2                            (Eq. 2-11) 
The locus of all trapped ions is on the qz axis. The basis of mass analysis is the relation 







2  (Eq. 2-12) 
where qmax (equal to 0.908) is the maximum value of qz at which ions  exit the trap. At a given 
value of an AC voltage V, all ions for which qz lies between 0 and 0.908 are trapped with the 
quadrupole field. By increasing V, ions of successively increasing m/z exit the ion trap along the 
z direction. 
 
Figure 2-4 Cross-section view of an ion trap mass analyzer.  
 
2.4. Continuous Flow IR MALDESI Mass Spectrometry 
The experiment of continuous flow (CF) IR MALDESI was performed using a Hitachi 
M8000 3DQ ion trap mass spectrometer with a modified nano-electrospray source. Using CF IR 
MALDESI, several chemical and biochemical reactions were monitored on-line and off-line.  
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The Hitachi M8000 3DQ quadrupole ion trap mass spectrometer (Hitachi, Tokyo, Japan) is 
equipped with an electrospray ionization source and a conversion dynode detector. A schematic 
diagram of this instrument is shown in Figure 2-5. 
 
Figure 2-5 Schematic of the Hitachi M8000 3DQ ion trap mass spectrometer.  
 
As shown in Figure 2-5, before entering the trap, ions generated from the ESI source pass 
through a drift region between aperture 1 and 2 and a set of lenses for ion beam focusing. The 
temperatures on the gas heater, aperture 1, and aperture 2 were at 180 °C, 150 °C and 120 °C, 
respectively. The ion drift voltage and ion focus voltage were set to 100 V and 30 V, respectively. 
After entering the trap, ions are trapped, and then sequentially ejected into a photomultiplier 
conversion dynode detector. Helium gas at 10-3 torr pressure is used as the buffer gas in the trap.  
The maximum m/z range of Hitachi M8000 IT MS is 2000.  
To perform CF IR MALDESI analysis, the original ESI source on the Hitachi ion trap was 
replaced with a nanoelectrospray emitter (PV 300, New Objective, Woburn, MA, USA).12 This 
nanoelectrospray emitter had a 50 μm i.d. fused-silica capillary that was tapered at the tip to 30 
μm i.d. and was fitted in a stainless steel sleeve. The emitter was mounted perpendicular to the 
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MS skimmer cone and the tip faced the MS skimmer orifice at distance of 8 mm. The skimmer 
cone voltage was held at 40 V and heated to a temperature of 180 °C. The ESI solution was a 1:1 
(v/v) mixture of acetonitrile and water with 0.2% formic acid. The solution was flowed through a 
50 μm i.d. fused-silica capillary (Polymicro Technologies, Phoenix, AZ, USA) using a syringe 
pump (55-1111; Harvard Apparatus, Holliston, MA, USA). No nebulizing gas was used. The 
voltage on the ESI needle was 3.5 kV and the capillary was at ground. 
A schematic and photograph of the CF IR MALDESI interface is shown in Figure 2-6. An 
open fused silica capillary (50 µm i.d., 360 µm o.d.) was prepared by removing the polyimide 
coating from the tip before it was mounted 7 mm below the spray axis pointing upward and 6 
mm from the tip of the spray cone. A sample solution was flowed through the capillary, forming 
bead of liquid at the capillary tip. Material was ablated from the liquid bead and entrained in the 
electrospray to form ions by MALDESI. 
The laser system was a pulsed infrared optical parametric oscillator (OPOTEK, Carlsbad, 
CA) operating at a 20 Hz repetition rate. It is an integrated tunable laser system in which the 
output of an Nd:YAG laser is used to pump an OPO, converting it into a tunable beam. The 
overall working mechanism of this laser is similar to the Mirage OPO system that is described in 
Section 2.2. A schematic of the laser optical layout is shown in Figure 2-7. The laser wavelength 
was set at 2.94 µm to overlap with the OH stretch absorption of the water matrix. The laser beam 
was directed downward toward the capillary tip at a 10° angle from normal. The spot size of the 
laser beam at the capillary tip was approximately 210 µm as determined with laser burn paper. 
The maximum laser energy was 2 mJ with no attenuation, and it was found that the maximum 
laser energy resulted in the largest signal intensity. Therefore, all the experiments were carried 




Figure 2-6 Schematic (top) and photograph (bottom) of the CF IR MALDESI MS interface 





Figure 2-7 Optical layout diagram of the OPO laser.   
 
A low flow-rate mixer (Nanomixer; Upchurch Scientific, Oak Harbor, WA, USA) was used 
to mix reactants. The mixer has a three-layer silicon-glass structure that with two inlet channels 
and one outlet channel. The flow at each inlet channel was 3 µL min-1, resulting in a 6 µL min-1 
sample flow rate of the outlet capillary. When the solution enters the mixer through the inlet 
channels, it is split into 32 smaller channels then recombined in an interdigitated fashion, which 
promotes mixing even under conditions of reduced diffusion distances and laminar flow.134 In 
the reaction monitoring studies discussed in Chapter 4, reaction solution flowed into the mixer 
through one inlet channel, and solvent flowed through the other inlet channel, which was 
connected to the output of a 6-port injection valve with a 3 µL loop (Model 7010, Rheodyne, 
Oak Harbor, WA). The other reaction solution was injected through the 6-port valve. The 
reaction started when two solutions were combined in the mixer.  
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A schematic and photograph of the on-line CF IR MALDESI reaction monitoring setup is 
shown in Figure 2-8. For protein digestion, the protein solution was flowed directly through a 
250 µm × 150 mm trypsin column with a 7 µL bed volume (Orachrom, Woburn, MA). 
 
Figure 2-8 Schematic (top) and photograph (bottom) of the on-line CF IR MALDESI reaction 
monitoring setup showing the nanospray, 6-port valve, nano mixer, and the MS orifice. 
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2.5. Reagents and Standards 
The following reagents used in IR/UV two-laser MALDI experiments were obtained from 
Sigma Aldrich (St. Louis, MO, USA) and used without further purification: bradykinin (B3259), 
cytochrome c from bovine heart (C3131), bovine insulin (I5500) and 2,5-dihydroxy benzoic acid 
(G5254). Analyte and matrix solutions were prepared in 970 μl methanol + 30 μl 1% 
trifluoroacetic acid (TFA; Fisher, Fair Lawn, NJ, USA) in distilled water (house supply).  
The reagents 1,10-phenanthroline (PA), iron (II) sulfate heptahydrate (FeSO4•7H2O), 1 mM 
1,4-dithiothreitol (DTT) solution, insulin, cytochrome c, trypsin, ammonium bicarbonate 
(NH4HCO3), and formic acid used in CF IR MALDESI experiments were obtained from Sigma 
Aldrich and used without further purification. HPLC grade methanol and acetonitrile were 
purchased from Mallinckrodt Baker (Phillipsburg, NJ). House purified water (18 MΩ-cm, 
Barnstead E-pure, Dubuque, IA) was used for aqueous solution preparation.  
 
 
*The work reported in this chapter has been published in International Journal of Mass 
Spectrometry. Reprinted by permission of the Elsevier. 
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CHAPTER 3. MATRIX-ASSISTED LASER DESORPTION IONIZATION 
OF INFRARED LASER ABLATED PARTICLES* 
  
In this chapter, the use of an IR laser to ablate biomolecules that were subsequently ionized 
by UV MALDI is described. Infrared light from a pulsed OPO laser system was directed at a 
solid sample containing a DHB matrix and peptide or protein analyte. The sample was placed 
under vacuum. A pulsed 351 nm UV excimer laser that was directed 1.4 mm above and parallel 
to the sample surface was used to irradiate the ablated material in the desorption plume. Ions 
created by post-ablation ionization were detected with a linear TOF mass spectrometer. Mass 
spectra of the peptide bradykinin and proteins bovine insulin and cytochrome c, were recorded. 
Under these conditions, two simultaneous mass spectra were generated: an IR-MALDI mass 
spectrum from the OPO and a UV post-ablation spectrum generated by irradiating material in the 
plume. Factors affecting the two-laser ion yield were studied, including the delay time between 
the laser pulses and the fluence of the IR and UV laser. 
 
3.1. Introduction 
Matrix-assisted laser desorption/ionization (MALDI) mass spectrometry (MS) has become 
a standard technique for the study of large biological and synthetic macromolecules.135 MALDI 
is typically performed with a single laser operating in the ultraviolet (UV) wavelength range 
between 260 and 360 nm, and matrices absorbing in this wavelength range are used in almost all 
UV MALDI studies.55 Alternatively, MALDI has been performed using lasers operating in the 
infrared (IR) wavelength range.136, 137 Although IR and UV lasers produce comparable MALDI 
mass spectra, the propensity for IR lasers to remove large quantities of material makes this 




solvents as the matrix and the relatively soft ionization of large biomolecules make it attractive 
in certain cases.23, 138, 139 IR lasers have also been used with success for atmospheric pressure 
MALDI140, 141 and IR laser assisted desorption electrospray ionization.12, 14 
IR lasers can be used in combination with UV lasers to combine the material heating and 
removal ability of the former with the ionization efficiency of the latter. The two lasers can be 
directed at the same spot on the sample target and the energy adjusted so that ions are produced 
only when both lasers are fired.142 The time delay between the two pulses is adjusted to 
maximize the ion signal. An IR laser directed at the sample target heats and, in some cases, melts 
the sample material, which results in more efficient UV laser ionization.27 Another two-laser 
approach uses the IR laser to desorb and ablate material, and the second laser to irradiate the 
plume of material.143, 144 With this approach the desorption and ionization processes are 
separated, allowing them to be optimized independently. Using this approach, many low mass 
(typically a few thousand Da) compounds can be post-ionized with good signal intensity.145 
Large molecules can be ionized from suspended particulate material that has been sprayed 
or ablated. For example, particles sprayed from a solution containing matrix and analyte61 or 
coated with matrix by condensation146 will produce ions from relatively large biomolecules when 
irradiated with a UV laser. A similar result was obtained when an IR laser was used to desorb 
and ablate material from a solid sample and a second IR laser was used for ionization.147 Ions 
from large biomolecules were observed that are not expected from multiphoton ionization of free 
molecules. It is known that IR lasers ablate large quantities of particulate,31 suggesting that laser 
desorption ionization of the ablated particulate is a key component of the ionization process. 
Ablation of material into a continuous electrospray has also been performed using IR lasers to 




ablation of particulate and subsequent ionization has the potential to lead to better IR laser 
ablation and ionization in mass spectrometry.     
In this chapter, we report IR laser ablation with UV laser irradiation of the desorbed and 
ablated plume of material. A tunable pulsed IR optical parametric oscillator (OPO) laser was 
used for sample ablation, and a 351 nm UV excimer laser was used for post particle ablation and 
ionization. The matrix 2,5-dihydroxybenzoic acid (DHB) and peptide and protein molecular 
weight standards bradykinin, bovine insulin and cytochrome c were used to demonstrate the 
process. The relation between ion yield and such factors as delay time between the IR and UV 
lasers and IR and UV laser fluence was explored. 
 
3.2. Experimental 
All experiments were carried out on the IR/UV two-laser MALDI TOF mass spectrometer 
that was described in detail in Chapter 2, Section 2.2. Briefly, ions that were generated by the IR 
laser or the IR and UV laser in combination were accelerated to 18 kV using a single stage of 
acceleration with an 18 mm gap. The ions were mass separated in a field free region of 1 m flight 
tube with a 25 mm microchannel plate detector. Data were recorded with a 500 MHz digital 
oscilloscope that was triggered by a pulse delay generator that also controlled the laser timing. 
Mass spectra were averaged on the oscilloscope and transferred to a computer or, for ion yield 
measurements, peak areas were integrated on the oscilloscope and the results were transferred to 
the computer. The IR laser system was an OPO running at a 2 Hz repetition rate. In this study, 
the data were acquired at IR wavelength of either 2.94 μm or 3.05 μm. The IR beam was focused 
onto the sample surface at an angle of 45o. The IR laser pulse width is 5 ns. The UV laser was 




directed above and parallel to the sample surface with a distance of 1.4 mm between the center of 
the UV beam and the sample surface.  
Each mass spectrum shown below in the Results and Discussion section was an average of 
20 single laser shots. For the UV ionization ion yield studies, Δt refers to the time difference 
between IR and UV laser pulses, and was set by a pulse delay generator. The pulse generator and 
oscilloscope were both controlled by the data acquisition computer that set the delay between the 
IR and UV laser pulses at the pulse generator. The integrated peak area for the selected time 
range was then read from the oscilloscope and recorded on the computer. The delay time was 
incremented and the peak integration process was repeated at the new Δt. After one sweep 
through the full range of Δt values, the pulse generator was reset to the starting Δt and the data 
acquisition process was repeated. The sequence of data acquisition over the full range of delay 
time values was repeated five times to generate each plot and each data point resulted from an 
average of 20 laser shots. The sample target was rotated at one revolution every two minutes 
using a variable speed motor to provide a fresh sample spot for each laser shot. For the study of 
ion yield as a function of fluence, the peak area values were recorded from the oscilloscope 
without being transferred to the computer. The laser energy measurements were repeated five 
times and the average laser energy was combined with laser spot size to obtain the fluence.  
Three biological samples were ablated and tested: bradykinin, bovine insulin, and 
cytochrome c from bovine heart. The analyte solutions and DHB matrix solution were prepared 
in 970 μl methanol + 30 μl 1% trifluoroacetic acid in distilled water. The concentration for each 
solution was 0.5 mM for bradykinin, 0.52 mM for insulin, 0.42 mM for cytochrome c and 0.44 
M for DHB. The analyte to matrix molar ratio of each matrix and analyte solution mixture was 




mixed well, 24 μl mixture was deposited on a stainless steel sample target with a diameter of 8 
mm for a typical dried droplet spot.  
 
3.3. Results and Discussion 
Mass spectra of the peptide bradykinin with a DHB matrix using IR, UV and both IR and 
UV lasers are shown in Figure 3-1. Figure 3-1a was obtained using only the IR laser at 2.94 μm 
with a fluence of 5.2 kJ/m2; the zero of the x-axis corresponds to the firing of the IR laser. The 
peaks with flight times less that 10 µs correspond to matrix ions and associated adducts with 
masses less than 300 Da. The protonated bradykinin molecule, [M + H]+, that results from IR 
laser desorption ionization is observed at a flight time of 19.7 μs. Figure 3-1b was obtained with 
only the UV laser at a fluence of 1.4 kJ/m2; no peaks are observed in the spectrum. Figure 3-1c 
was obtained using both IR and UV lasers at a delay time of 50 μs with IR and UV laser fluences 
of 5.2 and 1.4 kJ/m2, respectively. Under these conditions, a mass spectrum similar to that 
observed in Figure 1a is observed in the time region below 20 µs, but new features are observed 
between 50 and 80 µs. The additional peaks resemble those resulting from the IR laser radiation, 
but are displaced by the 50 µs time delay. The cluster of peaks between 52 and 60 µs are 
displaced by about 50 µs from the IR laser generated matrix peaks and the peak at 71 µs is 
displaced by 51.3 µs from the IR laser generated bradykinin peak. This latter peak is assigned as 
protonated bradykinin that was ablated from the target by the IR laser and ionized by the UV 
laser. The longer flight time for the bradykinin produced with the UV laser is due to the fact that 
the ions are formed above the target surface and are therefore accelerated through a lower 




because the IR laser energy required for the two-laser signal was in most cases sufficient for the 
production of ions.  
 
Figure 3-1 Bradykinin mass spectra with different laser conditions: (a) 2.94 μm IR laser only, (b) 
351 nm UV laser only, and (c) IR and UV lasers at Δt = 50 μs. 
 
Figure 3-2 shows the delay time dependence of intensity of the two-laser protonated 
bradykinin peak under conditions similar to those used to obtain Figure 3-1c. The IR fluence was 
5.6 kJ/m2, the UV fluence was 1.4 kJ/m2 and delay time ranged from 20 to 300 μs. Although 




interferences from the IR laser mass spectrum prevented accurate measurements of the peak area 
below 20 µs. The peak area rises as delay time increases from 20 to 50 μs and the signal reaches 
a maximum near 50 μs. The signal drops rapidly between 50 and 120 µs and then more slowly 
after that to 300 µs. After 300 µs, signal could be observed, but it was weak and not reproducible.  
 
Figure 3-2 Signal intensity of singly-charged molecular bradykinin ions as a function of delay 
time.  
 
Figure 3-3 displays a plot of the two-laser bradykinin [M + H]+ peak area, plotted as a 
function of the IR laser fluence. The delay time was 50 μs and the UV laser fluence was 1.4 




must be in a relatively narrow range between 5 and 7 kJ/m2. Under these conditions, the 
maximum two-laser signal occurred at an IR fluence of 5.6 kJ/m2.  
 
Figure 3-3 Signal intensity of singly-charged molecular bradykinin ions as a function of IR laser 
fluence. 
 
The bradykinin two-laser [M + H]+ peak area plotted as a function of the UV laser fluence 
is shown in Figure 3-4. The delay time was 50 μs and the IR laser fluence was 5.6 kJ/m2. The 
UV laser fluence dependence shows a gradual rise starting at the threshold of 0.8 kJ/m2, below 
which no signal was observed. Above this threshold fluence, the peak area increases linearly 
with the UV fluence. In the range tested up to 2 kJ/m2, the signal continued to rise with laser 




increased to still higher levels. The need for high UV laser energies has been observed previous 
in aerosol MALDI.148 
 
Figure 3-4 Signal intensity of singly-charged molecular bradykinin ions as a function of UV 
laser fluence. 
 
Protein standards were investigated using the post-ablation ionization method. Figure 3-5 
displays two representative mass spectra of cytochrome c (Figure 3-5a) and insulin (Figure 3-5b) 
in a DHB matrix with IR wavelength at 3.05 μm. It was found that this wavelength, which 
corresponds to the IR absorption maximum of DHB,149 gave the best results for the two-laser 
protein mass spectra. The peaks at 139 µs in Figure 3-5a and at 107 μs in Figure 3-5b correspond 




was 70 μs, and the IR and UV fluencies were 8.4 and 1.4 kJ/m2, respectively. For the insulin 
mass spectrum, the delay time was 60 µs and the IR and UV fluences were 3.8 and 1.4 kJ/m2, 
respectively. Although the maximum in the ion signal was obtained with an approximately 50 µs 
delay, an additional delay was added for the larger proteins to avoid overlap of the one and two 
laser mass spectra. Factors affecting the protein mass spectra were not studied since the signal 
intensity under our experimental conditions was not high and it was therefore difficult to obtain 
reproducible results. 
Two possibilities for ionization of biomolecules in the plume of desorbed and ablated 
material are the multiphoton ionization of free molecules and the ionization of particles 
containing matrix and analyte. The observation of biomolecules of the size of insulin and 
cytochrome c (Figure 3-5) argues strongly against a multiphoton ionization mechanism. 
Molecules of this size are difficult to ionize through the absorption of multiple photons due to the 
efficient energy dissipation in the large number of vibrational degrees of freedom.145 Instead, 
these results suggest that particles containing a UV MALDI matrix and analyte, when irradiated 
with the UV laser, form ions by a MALDI process. It has been observed that particles containing 
matrix and analyte, when sprayed into vacuum and irradiated with a UV laser, form ions by 
MALDI.61, 148 A particle MALDI mechanism has been suggested previously for IR laser ablated 
particles that were irradiated with a second IR laser. However, in this case, the absorption of the 
second IR laser energy by the analyte molecule27 or waters of hydration138 cannot be ruled out. 
The observation of ions from proteins by UV irradiation of the ablated material strongly suggests 
that the ionization mechanism is MALDI of the ablated particles. This hypothesis is supported by 




of the particle size and number ablated by an IR laser from a MALDI matrix,25, 31 which show a 
large number of particles in the IR ablation plume.  
 
Figure 3-5 IR/UV two-laser mass spectra of (a) cytochrome c at Δt = 70 μs and (b) insulin at Δt 
= 60 μs. 
 
The velocity of the IR laser desorbed material can be estimated using the appearance of two 
laser signal as an indication for the arrival time of the plume front. For UV MALDI, the axial 




of IR laser ablation and IR ionization found that the axial velocity of the plume front 
corresponding to the initial rise in ion signal represented a plume front velocity of 1000 m/s.147 A 
fast photography study of IR laser ablation of glycerol showed a plume front velocity of 400 m/s 
in the air.26 In our work, the velocity of the plume expansion can be calculated by dividing the 
distance between the UV beam center and the sample surface (1.4 mm) by the delay time for 
observation of UV ions (50 μs for the maximum ion yield in Figure 3-2). The calculated velocity 
is about 30 m/s, which is more than an order of magnitude slower than expected. However, it is 
also possible that material is ejected after the end of the laser pulse, which would lead to an 
anomously low estimate to the ejection velocity.106 Such delayed emission of IR ablated 
particulate has been observed using fast photography,34 photoacoustic,150 and time-resolved 
particle size measurements.106 It is possible that the UV laser is less efficient at ionizing 
biomolecules in the early part of the plume compared to the IR laser used in the previous study. 
This would lead to the delayed signal onset and the low apparent particle velocity observed in 
this study.  
 
3.4. Summary 
An infrared ablation of biomolecules that was post ionized by ultraviolet matrix-assisted laser 
desorption ionization method is presented. Using this method, mass spectra of biomolecules 
including bradykinin, insulin, and cytochrome c were obtained with a 2, 5-dihydroxybenzoic 
acid matrix. Two-laser signal could be obtained at IR laser fluences between 5 and 8 kJ/cm2. The 
signal increased with UV laser fluence and was the optimum at the maximum of 2 kJ/cm2. The 








*The work reported in this chapter has been published in Rapid Communication in Mass 




CHAPTER 4. CONTINUOUS FLOW INFRARED MATRIX-ASSISTED 
LASER DESORPTION ELECTROSPRAY IONIZATION MASS 
SPECTROMETRY* 
 
In the previous chapter, UV MALDI analysis of IR laser ablated protein and peptide 
samples was described. It has been noted that IR lasers are efficient for sample removal, and the 
ablated material contains a significant quantity of particulate. The fact that the signal was still 
observed with a delay time as long as several hundreds of microseconds indicates that IR laser 
ablation generated sample plume expands for hundreds of µs and several millimeters above the 
sample surface. This long duration of the sample plume generated by the IR laser ablation has 
been seen and confirmed by particle sizing and fast photography experiments.25, 26, 34 Although 
UV lasers, such as the excimer laser used in the work described in the previous chapter, are 
efficient in terms of ion formation, their ns pulse width is short as compared to the hundreds of 
µs plume duration. One problem of IR/UV two-laser MALDI discussed in the previous chapter 
therefore is that even with the UV laser post-ionization, still a large fraction of the sample in the 
plume is not used and doesn’t make ions due to the temporal mismatch . This problem has been 
addressed with the development of IR MALDESI,12 which uses a continuous source, 
electrospray, to ionize infrared laser ablated materials.  
In this chapter, a continuous flow (CF) IR MALDESI method was used for the on-line and 
off-line analysis of liquid, chemical and biochemical sample reactions. Samples in aqueous 
solution were flowed through a 50 µm ID silica capillary at a 1–6 µL/min flow rate. As analyte 
aqueous solution flowed through the capillary, a liquid sample bead formed at the capillary tip. A 
pulsed OPO laser with wavelength of 2.94 µm and a 20 Hz repetition rate was focused onto the 




ectrospray to form ions by MALDESI. The resulting ions were sampled into an ion trap mass 
spectrometer for analysis. Using CF IR MALDESI, several chemical and biochemical reactions 
were monitored on-line:  the chelation of 1,10-phenanthroline with iron (II), insulin denaturation 
with 1,4-dithiothreitol (DTT), and tryptic digestion of cytochrome c.  
 
4.1. Introduction 
Over the past several decades, mass spectrometry (MS) has been used increasingly with 
direct liquid introduction for coupling to separations such as liquid chromatography and capillary 
electrophoresis.151-153 In addition to separation methods, mass spectrometry has also been used 
extensively for monitoring liquid reactions on-line.154-157 The spray ionization methods such as 
atmospheric pressure chemical ionization (APCI), atmospheric pressure photoionization (APPI), 
thermospray ionization and electrospray ionization (ESI) that are highly effective for coupling to 
liquid separations also have great utility for reaction monitoring. ESI and APCI are the most 
widely used, with the former better suited to larger and more highly charged species such as 
proteins or peptides and the latter to smaller, less polar species such as small organic molecules. 
For on-line analysis, it is advantageous for the reaction to occur immediately before the solution 
is sprayed for ionization. Over the past few years, different types of sources coupled to either 
APCI or ESI have been developed to for on-line study of organic reaction mechanisms, which 
include microreactors, capillary mixers, photolysis cells, photochemical reactors and 
electrochemical cells.157, 158 Reactions that involve large molecules have also been studied on-
line by ESI MS, such as peptide and protein reactions with nitric oxide.159  
Desorption ionization methods such as fast atom bombardment (FAB) and matrix-assisted 




line versions of FAB and MALDI use a capillary and frit to deliver the liquid into the vacuum of 
the mass spectrometer for ionization,59 although aerosol60, 61 and rotating ball interfaces160 have 
also been developed for MALDI. FAB has been used to monitor biochemical reactions on-
line,161 most notably in combination with microdialysis to monitor penicillin G in the 
bloodstream of a live rat.162 There are a number of methods for off-line MALDI analysis of 
chemical reactions,163 but on-line analysis is more difficult. On-line reaction monitoring with 
microfluidic chip was accomplished by inserting the device into the source of a MALDI time-of-
flight mass spectrometer.164 Both organic and biochemical reactions were demonstrated. 
As discussed in Chapter 1, ambient mass spectrometry is the direct analysis of materials in 
their native environment with ions created outside the mass spectrometer.6, 8, 81 With these 
methods, material is removed from solid or liquid samples that are bombarded with ions, charged 
droplets, or a pulsed laser; sample preparation is minimal and in some cases unnecessary.8 The 
use of ambient ionization MS for on-line reaction monitoring has recently been reported. Direct 
analysis in real-time (DART) is a method that uses metastable ions directed at a surface to 
produce secondary analyte ions.10 DART has been used to monitor organic reactions important in 
drug discovery under ambient conditions.165 With extractive electrospray ionization (EESI), a 
spray of solvent droplets containing the analyte interacts with charged droplets from an 
electrospray to form analyte ions.166 EESI was recently demonstrated for on-line monitoring of 
organic chemical reactions.167 Electrospray laser desorption ionization (ELDI) uses a ultraviolet 
laser to desorb material deposited on a target that reacts with charged electrosprayed droplets to 
form ions.13 In the reactive ELDI approach, one of the reactants is contained in the electrospray 




the electrosprayed droplet. The reactive ELDI technique has also been demonstrated for 
biochemical reactions in peptide and protein analysis.168  
The matrix-assisted laser desorption electrospray ionization approach to ambient ionization 
(MALDESI) uses a matrix to aid in the removal of material for subsequent ionization through 
interaction with an electrospray.11 This approach was recently extended to infrared (IR) laser 
desorption,15 facilitating the use of liquid matrix materials such as water and other solvents.12 It 
has been suggested that the MALDESI ionization mechanism is similar to electrospray with the 
analyte material incorporated as neutral molecules11 or through a droplet merging mechanism in 
which the material ablated from the target in the form of particles interacts with the ESI 
droplets.12, 14 For large ablated particles, the small ESI droplets may collide with the particles, 
extract material, and thereafter expel ions via the DESI mechanism.169 Studies of plume 
imaging26 and particle detection and sizing25 show that a large fraction of the material removed 
by the IR laser is in the form of particulate; however, the particle size range conducive to ion 
formation is not clear.  
We have adapted IR MALDESI for the on-line continuous flow analysis of chemical and 
biochemical reactions. The approach is similar to those used for CF FAB and MALDI: reagents 
in aqueous solution were flowed through a fused silica capillary and mixed in a microfluidic 
device. The mixed solution formed a bead at the tip of a capillary beneath the electrospray plume. 
A pulsed IR laser was directed at sample bead to desorb and ablate the solution that was 
entrained in the electrospray to form ions by MALDESI. Several chemical and biochemical 






 4.2. Experimental 
The experiment was carried out on the Hitachi 3DQ ion trap mass spectrometer coupled with 
the CF IR MALDESI interface that was described in detail in Chapter 2, Section 2.4. The ESI 
solution was a 1:1 (v/v) mixture of acetonitrile and water with 0.2% formic acid that was flowed 
through a 50 µm i.d. fused silica capillary using a syringe pump; no nebulizing gas was used. 
The voltage on the ESI needle was 3.5 kV and the capillary was at ground. Mass spectra were 
acquired in positive-ion mode and ions were accumulated for 100 ms in the trap. 
The continuous flow IR MALDESI interface is similar to the MALDESI configuration 
published previously12 with the addition of the continuous flow capillary. This open fused silica 
capillary (50 µm i.d., 360 µm o.d.) was prepared by removing the polyimide coating from the tip 
and was mounted 7 mm below the spray axis pointing upward and 6 mm from the tip of the 
spray cone. A sample solution was flowed through the capillary, forming bead of liquid at the 
capillary tip. The laser system was a wavelength tunable pulsed IR OPO operating at 20 Hz 
repetition rate. The wavelength was set at 2.94 µm to overlap with the OH stretch absorption of 
the water matrix, and the laser energy was 2 mJ with no attenuation that resulted in the largest 
signal intensity. The laser was directed downward toward the capillary tip at an 80º angle from 
horizontal. When the laser was on, material was ablated from the liquid bead and entrained in the 
electrospray to form ions by MALDESI.  
Two of the chemical reactions studied, chelation of 1,10-phenanthroline (PA) with Fe2+ and 
insulin denaturation, were carried out using a low flow-rate mixer. The mixer had two inlet 
channels and one outlet channel. The flow at each inlet channel was 3 µL min-1, resulting in a 6 
µL min-1 sample flow rate of the outlet capillary. In the studies described below, one reaction 




inlet channel, which was connected to the output of a 6-port injection valve with a 3 µL loop. For 
protein digestion, a cytochrome c solution was flowed directly through a 250 µm × 150 mm 
trypsin column with a 7 µL bed volume. 
The reagents 1,10-phenanthroline (PA), iron (II) sulfate heptahydrate (FeSO4•7H2O), 1 
mM 1,4-dithiothreitol (DTT) solution, insulin, cytochrome c, trypsin, ammonium bicarbonate 
(NH4HCO3), and formic acid were obtained from Sigma Aldrich and used without further 
purification. HPLC grade methanol and acetonitrile were purchased from Mallinckrodt Baker. 
House purified water was used for aqueous solution preparation.  
For the chelation reaction, a 1,10-phenanthroline (PA) solution with a concentration of 2 
mM was prepared by dissolving PA in methanol and water (1:1 v/v). A Fe2+ solution with a 
concentration of 20 mM was prepared in the same manner. The on-line monitoring of this 
chelation reaction was done by continuously delivering 2 mM PA solution through the mixer to 
the tip of the capillary. The IR laser was continuously fired to ablate the solution emerging at the 
capillary tip and the ESI was continuously running. To initiate the reaction, a 20 mM Fe2+ 
solution was injected to the mixer through the 6-port valve. Mass spectra were acquired 
immediately after the Fe2+ solution was injected at t = 0. The chelation reaction took place once 
PA and Fe2+ solutions were mixed in the mixer, and the product of this reaction, [(PA)3 + Fe]2+, 
was formed.  
The reagents for the insulin denaturation reaction consisted of an aqueous solution of 
insulin that was prepared by dissolving insulin in a 50 mM NH4HCO3 solution to give a final 
concentration of 500 µM. A 100 mM DTT solution was prepared by diluting a 1 M DTT solution 
with water. Static (off-line) denaturing of insulin was carried out by mixing equal volumes of 




capillary to the IR MALDESI source for analysis. On-line CF IR MALDESI insulin denaturation 
was performed in the same manner as the chelation reaction. A 500 µM insulin solution was 
continuously flowed through one mixer inlet and a 100 mM DTT solution was injected through 
the 6-port valve and delivered to the other mixer inlet port. The mixed solutions were then 
delivered to the IR MALDESI source for analysis.  
Reagents for the cytochrome c digestion reaction were prepared using aqueous solutions of 
cytochrome c in 50 mM NH4HCO3 solutions to give final concentrations of 300, 400, 500 and 
600 µM for the protein. The trypsin solution was prepared by dissolving the dry reagent in a 100 
mM NH4HCO3 solution to give a final trypsin concentration of 600 µM. Static cytochrome c 
trypsin digestion was performed by mixing 600 µM trypsin with 600 µM cytochrome c solution 
at a 1:10 (v/v) ratio. The mixture was delivered through a fused silica capillary directly to the IR 
MALDESI source. On-line CF IR MALDESI analysis of cytochrome c tryptic digestion was 
performed by continuously flowing the cytochrome c solution through the immobilized trypsin 
column. The tryptic peptides and undigested cytochrome c exiting the column flowed through 
the fused silica capillary to the IR MALDESI source for analysis. 
 
4.3. Results and Discussion 
Three reactions were investigated using IR MALDESI: chelation of 1,10-phenanthroline 
(PA) with Fe2+, insulin denaturation, and cytochrome c digestion. The chelation reaction of 1,10-
phenanthroline (PA) with Fe2+ is typically studied off-line by absorption spectroscopy due to the 
strong absorption of [(PA)3 + Fe]2+ at wavelengths between 400–600 nm.170 Insulin denaturation 
is commonly performed off-line by mixing insulin with reducing agents such as 1,4-dithiothreitol 




formation of insulin α and β chains.171 The tryptic digestion of a proteins such as cytochrome c is 
a common step in proteomic analysis due to the robust nature of this enzyme and can be 
performed in solution or with support-bound reagents.172 
 
Chelation of 1,10-phenanthroline with Fe2+ 
 
Figure 4-1 Scheme of 1,10-phenanthroline reaction with Fe2+ . 
 
Chelation of PA with Fe2+ occurs when three PA molecules bind to one Fe2+ ion, forming 
the [(PA)3 + Fe]2+ ion, as indicated in Figure 4-1. Three CF IR MALDESI mass spectra obtained 
at different points of the reaction are shown in Figure 4-2. The mass spectrum in Figure 4-2a, 
was obtained prior to the injection of the Fe2+ when only the PA solution was flowing to the 
capillary tip. The peak at m/z 181 corresponds to the [M + H] + peak of PA. A small peak 
corresponding to the sodium adduct with PA is observed at m/z 203. Figure 4-2b shows the mass 
spectrum that was obtained 4 minutes after the injection of the Fe2+ solution. The reaction 
between the PA and the Fe2+ resulted in the near complete disappearance of the protonated PA 
peak and the appearance of a strong [(PA)3 + Fe]2+ peak at m/z 298. At a time of 18 min, shown 




reappeared with an intensity close to that in Figure 4-2a, and the [(PA)3 + Fe]2+ peak was less 
than 10% of its intensity in Figure 4-2b. 
 
Figure 4-2 On-line CF IR MALDESI mass spectra of the chelation of 1,10-phenanthroline (PA) 
with iron (II) in water. Positive-ion CF IR MALDESI mass spectra were recorded at three 
reaction stages: (a) 2 mM PA solution only before reaction, (b) PA solution after mixing with 20 
mM FeSO4 solution, and (c) after FeSO4 solution depleted. 
 
A plot of the total ion currents of reactant and product are shown in Figure 4-3: Figure 4-3a 




The Fe2+ solution was injected at 0 min, and theoretically, it required ~2 min to flow through a 
~80 cm of 100 µm i.d. tubing from the injection valve to the mixer at a flow rate of 3 µL min-1 
and an additional 0.2 min to flow through the 60 cm 50 µm i.d. capillary from the mixer to the 
capillary tip. 
 
Figure 4-3 Ion signals for (a) [PA + H]+ and (b) [(PA)3 + Fe]2+ ions during the chelation reaction 
recorded as a function of reaction time. 
 
As shown in Figure 4-3, between 0 and 4 min, the PA signal was strong whereas no [(PA)3 




rose slowly after the 3 µL plug of Fe2+ passed through the system. The product [(PA)3 + Fe]2+ 
signal rose over 30 seconds to a maximum and then dropped to 40% within one minute. The 
signal increased to 92% of the maximum value at 8.5 min and then decreased slowly over the 
next 10 minutes. The anticipated time for PA signal drop was 30 seconds.  
The delayed onset and extended signal measurement can be attributed to inefficient mixing 
of the product and reactant streams or sample memory effect. The sample memory effect has 
been observed and discussed in CF IR vacuum MALDI. It has been found in CF IR MALDI that 
the memory effect is affected by the sample concentration as well as the laser spot size compared 
to the sample spot.65 Higher sample concentration and lower laser spot coverage on the target 
both resulted in a memory effect. In our case of CF IR MALDESI, the memory effect might 
partially result from the Fe2+ accumulation on the continuous flow capillary with the Fe2+ 
solution concentration 10 times higher than PA solution concentration. It was found that the 
memory effect could be reduced with a lower concentration of Fe2+ (data now shown). However, 
the signal intensity of [(PA)3 + Fe]2+ also dropped. Laser spot coverage does not appear to be a 
likely reason for memory effect in CF IR MALDESI, because the laser energy and repetition rate 
was sufficient enough to remove the sample bead from the capillary tip, and the 210 µm laser 
spot size was large enough to cover the capillary exit.  
 
 Insulin Denaturation Reaction with 1,4-dithiothreitol 
The results of off-line and on-line CF IR MALDESI studies of insulin denaturation are 
shown in Figure 4-4. Figure 4-4a displays a representative CF IR MALDESI mass spectrum of 
insulin before mixing with DTT. This spectrum is similar to that obtained with ESI and contains 




MALDESI mass spectrum of the static denaturation of insulin. The disappearance of insulin 
multiply protonated ion peaks and the appearance of insulin α chain doubly charged peak and β 
chain multiply charged peaks indicates that the denaturation reaction had progressed completely. 
Figure 4c shows an on-line CF IR MALDESI mass spectrum of denatured insulin after injecting 
DTT solution through 6-port valve. Again, insulin was completely denatured since only β+3 and 
β+4 peaks were observed. However, as compared with Figure 4b, peaks in Figure 4c were less 
intense and no α chain peak was observed. MS analysis of insulin denaturation has been reported 
using a 252Cf ionization time-of-flight mass spectrometer.171 In this study, both intense α and β 
chain peaks were observed. In another insulin denaturation study reported by Fischer and co-
workers, however, only β chain peak was observed in the positive ion spectrum 15 minutes after 
mixing and incubating in a test tube with tris(2-carboxyethyl)phosphine (TCEP) , and both α and 
β chain peaks with approximately equal intensity were observed in the negative ion spectrum.173 
In the study by Peng and co-workers on insulin denaturation using ELDI,168 only β chain peaks 
was observed when DTT solution was sprayed and protein solution was desorbed by the laser; 
both α and β chain peaks were observed when protein solution was sprayed and the DTT solution 
was laser desorbed. The reason for this difference is still not clear, but the authors have pointed 
out that the detection limit for positively charged α chain is higher compared to the β chain by 
conventional ESI MS. The relatively higher limit of detection is a possible explanation for our 





Figure 4-4 CF IR MALDESI mass spectra of (a) 500 µM insulin in 50 mM NH4HCO3 water 
buffer solution, (b) 500 µM insulin mixed with 100 mM 1,4-dithiothreitol (DTT) reducing agent, 





4.3.3. Cytochrome c Trypsin Digestion Reaction 
 
Figure 4-5 (a) CF IR MALDESI mass spectrum of 600 µM cytochrome c in 50 mM NH4HCO3 
water buffer solution with +10 through +18 charge states. (b) CF IR MALDESI mass spectrum 
of 600 µM cytochrome c 1:10 (v/v) mixed with 600 mM trypsin. Peaks labeled with asterisks are 





It was found that the detection limit of cytochrome c with IR MALDESI detection was 
about 300 µM when flowed directly to the capillary tip (data not shown). This is comparable to 
that reported for static IR MALDESI on this system. A representative CF IR MALDESI mass 
spectrum of 600 µM cytochrome c before digestion is shown in Figure 4-5a. This spectrum 
contains multiply-protonated cytochrome c ions from [M + 10H]10+ to [M + 18H]18+, which is 
similar to previous IR MALDESI results using this instrument.12 The mass spectrum from a 
tryptic digest of 600 µM cytochrome c using static IR MALDESI is shown in Figure 4-5b. 
Eleven cytochrome c tryptic peptide peaks were observed, indicating digestion reaction had 
progressed. The sequence coverage was 92%.  
On-line CF IR MALDESI mass spectra of cytochrome c digestion with different protein 
concentrations are shown in Figure 4-6. From Figure 4-6a to Figure 4-6d, the cytochrome c 
concentrations before digestion were 600, 500, 400, 300 µM, respectively. At low concentration, 
the cytochrome c peak intensity decreased relative to those of the tryptic peptide peaks, which is 
probably due to a more favorable substrate:enzyme ratio. For 300 µM initial cytochrome c 
concentration (Figure 4-6d), only tryptic peptide peaks were found. The sequence coverage for 
600, 500, 400, and 300 µM cytochrome c solutions were 75%, 51%, 92%, and 81%, respectively.  
The digestion efficiency is affected by the flow rate, since a lower flow rate corresponds to 
a longer residence time in the trypsin column. Figure 4-7 shows on-line CF IR MALDESI mass 
spectra of 500 µM cytochrome c digestions at flow rates of 4 µL min-1 and 2 µL min-1. As 
expected, the 2 µL min-1 flow rate mass spectrum (Figure 4-7b) had a relatively higher intensity 
of peptide to protein compared to 4 µL min-1 mass spectrum (Figure 4-7a). In addition, the 







Figure 4-6 CF IR MALDESI mass spectra of on-line digested cytochrome c solutions with 
different cytochrome c concentrations: (a) 600 µM, (b) 500 µM, (c) 400 µM, and (d) 300 µM. 







Figure 4-7 Comparison of CF IR MALDESI mass spectra of a digested 500 µM cytochrome c 








In this study, continuous flow was adapted to IR MALDESI for an on-line monitoring of 
reactions. Three chemical and biochemical reactions were monitored: the chelation of 1, 10-
phenanthroline with iron (II), the insulin denaturation with 1, 4-dithiothreitol, and the tryptic 
digestion of cytochrome c. The detection limit of CF IR MALDESI was found to be in the 
micromolar range for peptides and sub-millimolar range for proteins. Considering the size of the 
liquid bead formed at the tip of capillary to observe a CF IR MALDESI signal was generally 3 × 
10-11 m3, 7 picomole of cytochrome c was calculated in this liquid bead for 300 µM 
concentration. A better limit of detection is expected by increasing the laser intensity, replacing 
water matrix with a better IR matrix such as glycerol, and coupling CF IR MALDESI to mass 
analyzers with better sensitivities. A band broadening effect was observed for the chelation 





CHAPTER 5. FINITE ELEMENT SIMULATION OF INFRARED LASER 
ABLATION OF GLYCEROL 
 
The previous two chapters presented experimental results of infrared laser ablation mass 
spectrometry for analysis of chemicals and biomolecules. In order to better explore potential 
applications of IR laser ablation mass spectrometry, as well as to develop new IR laser ablation 
ionization techniques, fundamentals processes of IR laser ablation such as laser interaction with 
materials, ion and particle formation, and the plume ejection need to be better understood. This 
requires theoretical studies such as computational simulations. In this chapter, a two-dimensional 
finite element model was developed to simulate glycerol ablation using a wavelength tunable 
infrared laser under conditions used for mass spectrometry. The laser fluence used for the 
simulations was varied from 1 – 6 kJ/m2, and the wavelength was varied from 2.7 – 3.7 µm. The 
temperature required for the phase explosion of glycerol is 689 K, which is 90% of the critical 
temperature. This condition was found for laser wavelengths near 3 µm, which corresponds to 
the OH stretch absorption of glycerol.  
 
5.1. Introduction 
Laser ablation (LA) refers to laser-induced material ejection and has been widespread and 
exploited as a sampling method in many fields of chemistry, biology, and medicine.1 During the 
laser ablation process, the laser beam interacts with a surface to induce heating, melting, boiling, 
particle ejection, and vaporization of the target material.174, 175 The expanding ablation plume 
consists of atoms, neutral molecules, ions, clusters as well as particles that are formed either 
directly by laser-sample interaction or later through condensation in the expanding plume29 and 
aggregation of smaller particles.28 The quantity and size distribution of material that is ablated 




laser wavelength, and background pressure.29, 38, 175 The mechanism of laser induced material 
ejection includes desorption of individual atoms and molecules, explosive decomposition of the 
superheated material surface, formation of large droplets due to a melting and hydrodynamic 
sputtering,  photomechanical spallation of the surface layer caused by thermoelastic stresses, and 
recoil-induced expulsion induced by the formation of recoil stresses due to the rapidly expanding 
vapor plume and the ejected droplets during explosive decomposition.38, 89, 108, 109, 176 
In recent years laser ablation has been increasingly used in analytical chemistry. Compared 
with conventional dissolution techniques, laser ablation has many advantages.174 For example 
nearly any sample can be ablated with minimal sample preparation and often under ambient 
conditions. The ablated material can be heated to the point at which it emits light that is detected 
such as in laser induced breakdown spectrometry (LIBS).98, 177 Mass spectrometry can be used to 
detect ions produced by laser ablation for example by laser microprobe mass spectrometry 
(LMMS),100, 178 and matrix assisted laser desorption ionization (MALDI) mass spectrometry.179 
Uncharged ablated material can be atomized and ionized in a plasma such as in laser ablation 
inductively coupled plasma mass spectrometry (LA ICP MS).93, 95 Several laser ablation ambient 
ionization mass spectrometry techniques have been developed, including matrix assisted laser 
desorption electrospray ionization (MALDESI),11 and electrospray laser desorption ionization 
(ELDI).13 
Many types of pulsed lasers have been used for ablation in analytical chemistry 
applications. A large number of studies use ultraviolet (UV) lasers because the high energy per 
photon results in both direct ionization and photon emission.17 Infrared lasers have also been 
used in cases where efficient removal of material is paramount.18, 23, 180, 181 Mid-IR laser systems 




stretch absorption are particularly useful for laser ablation. IR laser ablation has been used for 
MALDI,137 but application is limited due to the large quantity of material removed and modest 
ionization efficiency. However, efficient material removal in IR laser ablation is an advantage 
for ambient ionization by MALDESI because the ionization is independent of the laser ablation 
step.12, 21 A unique advantage to IR laser ablation is the ability to alter the characteristics of the 
ablation plume by changing the IR laser wavelength when using a wavelength tunable IR laser 
source.25-27 
A number of models and simulation methods have been developed to study laser ablation 
under conditions suitable for chemical analysis. For example, atomistic simulation110 and 
molecular dynamics simulation38, 67, 113-115 have been used to study laser-sample interaction, 
material in early stage,38, 117, 118 and ion formation.17, 30, 114 Hydrodynamic models123, 124 and 
Monte Carlo simulations125, 126 have been used to describe the expansion of the plume. The finite 
element method (FEM) is a procedure for obtaining numerical solutions to partial differential 
equations by dividing the system into small finite elements to which simplifying approximation 
can be made. A few FEM models have been developed in the past to simulate laser ablation for 
different applications, such as pulse laser ablation of titanium carbide (TiC)127, 128 and laser 
ablation removal of prostate tumors.130 Recently a FEM model was developed to study the 
temperature rise of polystyrene during the process of resonant-infrared pulsed laser irradiation.109 
The result showed that after laser ablation the polystyrene surface was superheated and 
thermodynamically unstable, which leaded phase explosion to occur. The simulation results 
showed a good agreement with the experimental results in which a strong phase explosion of 




In this chapter, a 2D FEM model was developed to study the heat transfer involved in the 
IR laser ablation of glycerol under conditions used for mass spectrometry sampling applications. 
Heating of glycerol with both flat-top and Gaussian shape laser profiles was modeled at different 
laser fluences and wavelengths. The simulation results were compared with previous 
experimental data. 
 
5.2. Ablation Model 
The commercial FEM software Multiphysics (Comsol. Burlington, MA) was used to 
develop a two-dimensional model for the interaction of pulsed infrared laser light with glycerol. 
The thermal conductivity, density and heat capacity of glycerol used in the model are functions 
of temperature and were modeled by the FEM software. The initial temperature of glycerol was 
298 K and the value of reflectivity (R) used was 0.1.182 It has been found that absorption 
coefficient (α) is temperature dependent and it usually drops as temperature increases.183 In this 
work, α was assumed to be temperature independent in order to simplify the calculation. The 
value of the absorption coefficient for laser wavelengths from 2.7 – 3.7 µm were taken from the 
literature25 and interpolated using infrared absorption profile.184 The boiling point and critical 
temperature of glycerol are 563 K and 765 K, respectively.26  
To facilitate comparison with previous work on the laser ablation of glycerol, the laser 
parameters used in the model were the same as those of an OPO laser used in earlier 
experiments.25, 26 The OPO has a pulse temporal width of 5 ns and a 250 µm focused beam 
diameter with a near Gaussian profile. The laser wavelength range used in the model was from 
2.7 µm to 3.7 µm, which covers the glycerol OH stretch vibration at 3.0 µm and the CH stretch 




beam profile and the laser output energy was the same for both laser profiles. The laser fluence 
for the flat-top profile ranged from 1000 – 6000 J/m2. No plasma shielding was considered in the 
simulation because the time required for plume and plasma formation at the fluences used is 
generally longer than 10 ns.26, 29 
The FEM model solved the two-dimensional heat conduction equations to determine 
temperature of the glycerol during and after laser pulse. The glycerol target geometry was 
represented by a rectangle 400 µm wide and 25 µm deep that was sufficient to extend beyond the 
250 µm diameter laser spot and was deeper than the penetration of the IR laser. The center of the 
laser beam was aligned to the center of the rectangle. The upper half of glycerol was simulated 
by a 100 nm mesh and the lower half by a 250 nm mesh. A 50 nm mesh was used for the top 500 
nm depth to allow a more precise estimation of laser-sample interaction. The boundary above the 
surface was modeled as air at 298 K and the boundary below the surface was glycerol at 298 K.  
In two dimensions and neglecting convective and radiative energy transport the heat 




−  ∇[𝑘(𝑇)∇𝑇(𝑥,𝑦, 𝑡)] = 𝑄(𝑦, 𝑡)  (Eq. 5-1) 
where x and y are the horizontal and vertical spatial coordinates, 𝜌 is the density, 𝐶𝑝  is the 
specific heat capacity, 𝑇 is the temperature, and 𝑘 is the thermal conductivity of the sample. The 
quantity 𝑄(𝑦, 𝑡) is the heat source which in this model is the laser energy absorbed by the sample. 
For the surface layer, 𝑄(𝑦, 𝑡) can be expressed as:182  
𝑄(𝑦, 𝑡) = 2.3 𝐼𝑠(1 − 𝑅)𝛼𝑒−𝛼𝑦                                 (Eq. 5-2) 
where R is the surface reflection, 𝛼 is the absorption coefficient, and 𝐼𝑠 is the laser irradiance at 




𝐼𝑠(𝑦) = 𝐼0𝑒−𝛼|y|                                                                             (Eq. 5-3) 
where 𝐼0 is the maximal laser intensity and |y| is the laser penetration depth.185  
 
5.3. Results and Discussion 
The results of glycerol temperature calculations at different times after irradiation by a 5 ns 
pulsed laser at 2.94 µm wavelength are shown in Figure 5-1. The laser had a flat-top beam 
profile and the fluence is 6000 J/m2. During laser pulse at 2 ns (Figure 5-1a), the temperature of 
glycerol at the surface has risen from 298 K to 750 K. It reaches a maximum of 1450 K at the 
end of the laser pulse at 5 ns (Figure 5-1b). Although these temperatures are above the boiling 
point, the model does not account for this phase change. The surface temperature drops to 1220 
K at 5 µs (Figure 5-1c) and 930 K at 50 µs (Figure 5-1d). At 1 ms (Figure 5-1e), heat transfer 
into the bulk results in a temperature within the laser irradiated area of approximately 500 K 
throughout, below glycerol boiling point.  
Glycerol temperature distributions for a flat-top laser profile, wavelength of 2.94 µm, and a 
fluence of 6000 J/m2 are plotted in Figure 5-2. The glycerol surface temperature (y = 0) as a 
function of the distance along the surface at different times is plotted in Figure 5-2a. The 
maximum temperature of 1450 K is obtained for the laser-irradiated area (x from -125 to 125 
µm). Little thermal conduction occurs during the 5 ns laser irradiation. As time evolves, the 
surface temperature drops, through transfer into the bulk on a microsecond time scale and 
gradually dispersing laterally on the millisecond time scale. There is also some amount of heat 





Figure 5-1 Glycerol temperature with a 2.94 µm flat-top profile laser at 6000 J/m2 fluence for 







Figure 5-2 Glycerol temperature a) at the surface (y = 0) and b) as a function of depth (x = 0) for 
different times ((■) 5 ns, (∆) 50 µs, (□) 20 ms, and (▲) 0.1 s) with a 2.94 µm flat-top laser and 





Figure 5-2b shows the glycerol temperature as a function of depth at the center of the point 
of irradiation. This plot shows a rapid drop in temperature within a few micrometers of the 
surface on the microsecond time scale. From 3 - 15 µm, the temperature at 50 µs is higher than 2 
ns due to the thermal conduction. Below 15 µm, the temperature remains close to the initial 298 
K at 50 µs, indicating that no heat has diffused to that layer yet in 50 µs. On a millisecond time 
scale, the lower layers achieve temperatures above 400 K before returning to the original 
temperature. 
FEM simulations were run using parameters corresponding to wavelengths between 2.7 
and 3.7 µm. Two plots from simulation of glycerol laser heating at 2.94 µm, corresponding to the 
glycerol OH stretch absorption, and at 3.4 µm, corresponding to the CH stretch, are shown in 
Figure 5-3 at 5 ns simulation time. The simulations were made with a flat-top laser profile, 3000 
J/m2 fluence, and 5 ns pulse width. The maximum surface temperature for 2.94 and 3.40 µm was 
found to be 870 K and 460 K, respectively. The FEM result is in good agreement with a previous 
estimate of temperatures of 860 K and 434 K for these wavelengths.26 Note that the depth of the 
heated glycerol is much greater in Figure 5-3b due to the larger laser penetration depth. 
 
Figure 5-3 Glycerol temperature after 5 ns for a) 2.94 µm and b) 3.4 µm wavelengths at 3000 





Figure 5-4 shows the glycerol temperature as a function of depth for 2.94 µm (Figure 5-4a) 
and 3.40 µm wavelength (Figure 5-4b) at different fluences at 5 ns after the beginning of the 
laser pulse. At all fluences, the surface temperature (y = 0) for the 2.94 µm wavelength is greater 
than that for the 3.40 µm laser due to greater absorption at the OH stretch resonance. Conversely, 
the heating of the bulk is much greater at the 3.4 µm wavelength that corresponds to the CH 
stretch absorption.   
A plot of the maximum surface temperature at different laser fluences is shown in Figure 5-
5. The values correspond to the temperature at the surface 5 ns after the after beginning of the 
laser pulse. The boiling point of glycerol of 563 K and the point of 90% of the critical 
temperature at 689 K are indicated with dotted lines in the plot. At temperatures exceeding the 
boiling point of glycerol, desorption of glycerol will occur. If the temperature exceeds 90% of 
the critical temperature of glycerol, a volumetric phase change (phase explosion) will occur.104 
Phase explosion will result in the violent ejection of material both as free molecules as well as 
molecular clusters and particles.38 Figure 5-5 shows that glycerol boiling will occur at 1000 J/m2 
and phase explosion at 2000 J/m2 if the laser is at the OH stretch absorption at 3.0 µm. If the 
laser is tuned to the CH stretch at 3.4 µm, glycerol boiling will occur at a fluence of 5000 J/m2 
and phase explosion would require in excess of 6000 J/m2. This is consistent with previous 
particle sizing result, in which the lowest threshold of glycerol particle formation at 3 µm 
wavelength was found to be 1200 J/m2.25 This is also consistent with fast photography studies 
that indicate a vigorous removal of material at 3 µm whereas tuning the laser off of the OH 





Figure 5-4 Glycerol temperature versus sample depth after 5 ns for a) 2.94 and b) 3.40 µm laser 







Figure 5-5 Laser wavelength dependence of glycerol surface temperature for fluences: (■) 1000 
J/m2, (○) 2000 J/m2, (▲) 3000 J/m2, (□) 4000 J/m2, (●) 5000 J/m2, and (∆) 6000 J/m2. 
 
The temperature profile of glycerol obtained from a Gaussian profile laser beam at 2.94 µm 
is shown in Figure 5-6. The laser pulse energy was 295 µJ and corresponds to the energy of a 
flat-top profile with a fluence of 6000 J/m2. Figure 5-6a can be compared to Figure 5-1b and 
Figure 5-6b can be compared to Figure 5-2a. For the Gaussian laser profile, the laser energy is 
concentrated at the center of the beam and the resulting peak temperature of the glycerol is 50% 







Figure 5-6 Glycerol temperature for a 2.94 µm wavelength Gaussian profile laser: a) 
temperature profile at 5 ns; b) temperature distribution along at the surface: (■) 5 ns, (∆) 50 µs, 





Figure 5-7 Laser energy dependence of the a) depth and b) volume of glycerol subject to phase 





The sample depth and volume subject to volume phase change and resulting phase-
explosion can be estimated from the FEM calculations. To make this estimation, the region at 
which the temperature was greater than 90% of the critical temperature (689 K) was determined 
for a laser wavelength of 2.94 µm at 5 ns after the beginning of the laser pulse. Results for the 
sample depth and volume fulfilling this requirement for flat-top and Gaussian laser profile are 
shown in Figure 5-7.  
Figure 5-7a shows sample depth at which phase explosion is anticipated to occur as a 
function of the laser pulse energy. Note that for the Gaussian profile the center of the laser beam 
is indicated. If the depth subject to phase explosion can be associated with the ablation depth, the 
Gaussian beam ablates to about 1 µm greater depth but the flat top beam removes more material 
once the conditions required for phase-explosion are satisfied. In terms of the model, the 
Gaussian laser energy is effectively “wasted” heating a small fraction of the glycerol well 
beyond that required for phase transition. In practice, the glycerol would not be heated in this 
way, but nonetheless the ejected plume of material might shield the underlying sample. The 
ablation depth is 5.5 µm for Gaussian and 3.7 µm for flat-top profile at an energy of 295 µJ. The 
volume ablated for the flat-top profile at this energy is 180 pL and for the Gaussian profile it is 
90 pL. As a consequence of the localization of the peak laser energy, conditions for phase 
explosion can be reached at 3.4 µm at 295 µJ laser energy, although for a smaller volume. A 
volume of 15 pL reaches 90% of the critical temperature for the Gaussian profile at the energy of 
295 µJ. This is consistent with previous fast photography and particle sizing studies, in which a 
much weaker ablation of glycerol ejection is observed at 3.4 µm compared to 2.94 µm.25, 26 
Typically, measurement of the material absorption coefficient α is done at room 




processes are substantial and can result in a significant change of α.89 It has been found that α is 
temperature dependent (dynamic α) and it drops as temperature increases.128, 183 The decrease of 
α leads to a lower temperature as compared to α considered as temperature independent (static α). 
A 30% lower temperature in the high laser fluence region and 15% lower temperature in the low 
fluence region for dynamic α study was reported recently in the simulation of TiC ablation.128 As 
mentioned previously, the study shown in this chapter was performed using static α in order to 
simplify the calculation. Lower glycerol temperatures and higher laser fluences for phase 
explosion would be expected if using a dynamic α. Assuming there was also a 30% temperature 
drop for glycerol using dynamic α, the resulting temperature at each wavelength in Figure 5-5 
would be lower, and the lowest laser fluence for temperature exceeding 689 K would be 3000 
J/m2 in OH stretch region at 3.0 µm. On the other hand, the dynamic change of α could be an 
advantage for a sample with deeply embedded target molecules such as gel and tissue, since 




A 2D finite element model was developed to simulate glycerol heating by a wavelength 
tunable IR laser under conditions of mass spectrometry applications. The simulation results are 
in good agreement with previous particle sizing and plume imaging results: the glycerol 
temperature has a strong dependence on laser wavelength and laser fluence. The highest 
temperature was obtained at OH stretch absorption of glycerol near 3.0 µm and within the 




3.0 µm for the flat-top profile and over a broader wavelength range with lower material ejection 




CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS 
 
 In this dissertation, fundamental study and developments of ionization methods based on 
infrared laser desorption and ablation for mass spectrometry analysis of chemical and biological 
samples were described. Peptide and protein samples were ablated by an IR laser that were 
subsequently analyzed using a home-built IR/UV two-laser matrix-assisted laser desorption 
ionization mass spectrometer. A continuous flow IR matrix-assisted laser desorption electrospray 
ionization interface was designed and coupled with an ion trap mass spectrometer to on-line and 
off-line study several chemical and biochemical reactions. A simulation model was developed 
using finite element method to study the processes such as laser-material interaction involved in 
the IR laser ablation under conditions of AP MALDI or MALDESI, and the simulation results 
were compared to the previous results of fast plume photography26 and particle sizing25 
experiments. The overall results show that the combination of IR lasers are efficient at sample 
removal, and combing this efficiency with post-ionization techniques can serve as an effective 
analytical technique for MS study of chemical and biological samples. Fundamental 
understanding of IR laser ablation can facilitate better optimization of experimental parameters 
in current applications as well as developments of new IR laser based ionization techniques.  
The IR laser ablated particles containing biomolecules that were post-ablated and ionized 
by a UV laser were presented in Chapter 3. It has been noted that IR lasers are efficient for 
material removal, and the ejected material in IR laser ablation contains high concentration of 
particles.25, 26 These particles don’t form ions under conditions of IR MALDI, and can be 
problematic since they are not compatible with commercial MALDI instruments operating at 
vacuum and with high extraction fields.19, 20 Adding a second source such as a UV laser to post-




bradykinin as a standard, it was found that the UV ion yield was strongly dependent on the 
fluence of IR and UV laser, as well as the delay time between the laser pulses. Protein samples 
such as cytochrome c and insulin were also tested. It has been stated that large molecules such as 
protein are difficult to ionize through the absorption of multiple photons due to the efficient 
energy dissipation in the large number of vibrational degrees of freedom.145 The observation of 
protein signal suggests that the ionization undergoes UV MALDI mechanism. 
One problem in the IR/UV two-laser MALDI work is that IR laser ablation generated 
sample plume expands for hundreds of µs, whereas most UV lasers only have a few ns pulse 
width. Even with the UV laser post-ionization, a large fraction of the sample in the plume is not 
used and don’t make ions due to the temporal mismatch. This problem has been addressed with 
the development of IR matrix-assisted laser desorption electrospray ionization, which uses a 
continuous source, electrospray, for ionization.12 Chapter 4 describes a continuous flow IR 
MALDESI interface that was developed and coupled to an ion trap mass spectrometer. Samples 
in aqueous solution were flowed through a silica capillary and a liquid sample bead was formed 
at the capillary tip. A 2.94 µm IR laser was used for sample ablation, and the ejected sample 
plume was entrained in an electrospray to form ions. The chelation reaction of 1,10-
phenanthroline with iron (II), the denaturation reaction of insulin with 1,4-dithiothreitol (DTT), 
and tryptic digestion of cytochrome c were on-line and off-line monitored. A band broadening 
effect was observed for the chelation reaction, which can be attributed to either turbulent mixing 
or a sample memory effect. This band broadening effect can be reduced by reducing the sample 
concentration. A detection limit of 7.32 picomole for cytochrome c was calculated. We expect 




with better IR matrices such as glycerol, and coupling CF IR MALDESI to mass analyzers with 
better sensitivities.  
Another important part of this research is the fundamental study of IR laser ablation. There 
have been numerous applications of laser ablation mass spectrometry since the first use of laser 
for sample removal, however the mechanisms behind these applications are still under 
investigation.17, 30  Fundamental studies aimed at understanding the physical processes involved 
in material desorption, ablation, and ion formation can help optimize and extend the applications 
of IR laser ablation. In Chapter 5, a two-dimensional finite element model was developed to 
simulate IR laser ablation of glycerol under conditions used for atmospheric pressure MALDI 
and MALDESI. The laser fluence used in the simulation was varied from 1 to 6 kJ/m2, and the 
wavelength was varied from 2.7 – 3.7 µm that covered the OH and CH stretch absorption region 
of glycerol. Both flat-top and Gaussian profile laser were studied. The results showed that the 
glycerol temperature has a strong dependence on laser wavelength and laser fluence. The peak 
temperature of glycerol was obtained as the laser wavelength tuned to OH stretch absorption at 3 
µm. This temperature was sufficient for phase explosion to occur. As the laser wavelength tuned 
off the OH stretch region, the glycerol temperature quickly dropped and became too low for 
phase explosion to occur. For the same laser energy, a Gaussian shape laser can generate higher 
glycerol temperature due to localization of the peak laser energy, whereas a flat-top shape laser 
can remove more material. The overall FEM simulation data showed a good agreement with 
previous particle sizing and plume imaging results.25, 26  
One problem for this simulation is that the model is not realistic because it simulates the IR 
laser-glycerol interaction without taking phase transition of glycerol into account. It has been 




and the liquid surface undergoes a rapid and violent transition from superheated liquid to a 
mixture of vapor and liquid droplets.104, 108 In addition, the rapidly expanding vapor plume and 
the ejected droplets during phase explosion can produce recoil stresses that can induce a 
secondary material expulsion.89, 108 Phase explosion and recoil-induced material ejection have 
been experimentally observed in many laser ablation studies, such as glycerol,26 water,34 and 
polystyrene.109 Another problem for this simulation is that the glycerol absorption coefficient at 
each laser wavelength used in the model was considered to be temperature independent in order 
to simplify the calculation, whereas it should be temperature dependent as reported in 
literature.89, 128, 183 One of the future directions thus is the simulation of phase change, material 
ejection and plume expansion using glycerol dynamic absorption coefficient. By adding 
simulations of laser-material interaction, material ejection and plume expansion together, an 
overall picture of IR laser ablation is expected to obtain, and will be used together with the 
experimental results to explore IR laser ablation mechanism. 
The second one of the future directions will focus on designing an interface for coupling 
microfluidic chips to IR MALDESI for high throughput chemical and biochemical analysis. CF 
IR MALDESI requires no need for previous purifications, nor isolation for further 
characterization of reaction species and products, therefore allows the direct study of transient 
species, intermediates in solution. In addition, water can be used as an IR MALDESI matrix and 
it is the native environment of most biological samples. The potential application of CF IR 
MALDESI, therefore, will be the direct analysis of biological fluids under ambient conditions. 
With the development of a microfluidic chip interface,186 such as on chip separation, cell 
culturing, cell lysis, and proteolytic digestion, it is possible to on-line monitor biological 




Another one of the future directions will be the development of near-field IR laser ablation 
for tissue imaging. IR lasers are known to have deep penetration depth that enables them to 
remove deeply embedded analytes from materials such as thin layer chromatography plates, 
polyacrylamide gels, and tissue.22-24 Currently MALDI mass spectrometers are capable of 
imaging tissue at spatial resolution down to 25 µm, which is limited by laser optics, sample 
preparation, and ion collection efficiency.187 Applying IR laser ablation in the near field allows 
imaging resolution down to sub-micron or even nanometer scale, which can potentially bring the 
biological imaging mass spectrometry to the single cell level. Ongoing studies are focused on the 
near-field IR laser ablation of biomolecules with droplet capture188 for off-line nanoelectrospray 
mass spectrometry. The information obtained from these studies will be used to construct near-
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APPENDIX A. MATLAB PROGRAM FOR CALCULATING  
ABLATED SAMPLE VOLUME 
 
The MATLAB program used to calculate the ablated glycerol volume shown in Figure 5-7 
is given below. The (x,y) coordinate data set of isothermal lines at 689 K and 563 K for different 
laser energies were exported from Comsol, and input to MATLAB. The expression of y as a 
function of x for each laser energy was obtained using a polynomial approximation followed by 
integration to find the sample volume. The author thanks Zhe Nan from Mathematics 








[X{1},Y{1},T{1}]=textread('2.94 um 1000 J 5ns 563K.txt','%f%f%u'); 
[X{2},Y{2},T{2}]=textread('2.94 um 2000 J 5ns 563K.txt','%f%f%u'); 
[X{3},Y{3},T{3}]=textread('2.94 um 3000 J 5ns 563K.txt','%f%f%u'); 
[X{4},Y{4},T{4}]=textread('2.94 um 4000 J 5ns 563K.txt','%f%f%u'); 
[X{5},Y{5},T{5}]=textread('2.94 um 5000 J 5ns 563K.txt','%f%f%u'); 
[X{6},Y{6},T{6}]=textread('2.94 um 6000 J 5ns 563K.txt','%f%f%u'); 
[X{7},Y{7},T{7}]=textread('2.94 um 2000 J 5ns 689K.txt','%f%f%u'); 
[X{8},Y{8},T{8}]=textread('2.94 um 3000 J 5ns 689K.txt','%f%f%u'); 
[X{9},Y{9},T{9}]=textread('2.94 um 4000 J 5ns 689K.txt','%f%f%u'); 
[X{10},Y{10},T{10}]=textread('2.94 um 5000 J 5ns 689K.txt','%f%f%u'); 





[X_34um{1},Y_34um{1},T_34um{1}]=textread('3.40 um 3000 J 5ns 563K.txt','%f%f%u'); 
[X_34um{2},Y_34um{2},T_34um{2}]=textread('3.40 um 4000 J 5ns 563K.txt','%f%f%u'); 
[X_34um{3},Y_34um{3},T_34um{3}]=textread('3.40 um 5000 J 5ns 563K.txt','%f%f%u'); 
[X_34um{4},Y_34um{4},T_34um{4}]=textread('3.40 um 6000 J 5ns 563K.txt','%f%f%u'); 
[X_34um{5},Y_34um{5},T_34um{5}]=textread('3.40 um 5000 J 5ns 689K.txt','%f%f%u'); 

























fprintf('Polynomial Fitting Coefficients: \n '); 
fprintf('p1  p2  p3 \n') 
for i=1:11 
 
















    r=rootPos{i}; 
    p1=p{i}(1); 
    p2=p{i}(2); 
    p3=p{i}(3); 





  fprintf('%20.18e \n',volume(i));  
end 
 
















fprintf('Polynomial Fitting Coefficients: \n '); 
fprintf('p1  p2  p3 \n') 
for i=1:6 
















    r_34um=rootPos_34um{i}; 
    p1_34um=p_34um{i}(1); 
    p2_34um=p_34um{i}(2); 
    p3_34um=p_34um{i}(3); 
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